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ABSTRACT 
A Photovoltaic Metallization Research Forum, under the 
sponsorship of the Jet Propulsion Laboratory's Flat-Plate 
Solar Array Project and the U. S. Department of Energy, was 
held March 16-18, 1983 at Pine Mountain, Georgia. The 
7orm consisted of five sessions, covering (1) the current 
status of metallization systems, ( 2 )  system design, ( 3 )  
rnick-film metallization, (4) advanced techniques and (5) 
future metallization cbsllenges. 
presented. 
Twenty-three papers were 
iii 
FOREWORD 
The objectives of the Research Forum on Photovoltaic Metallization Systems 
were to clarify and define the state of the art of current metallization 
systems for sglar cells; to report on performance experience with these 
systems, including advances made and problems encountered; to describe 
advanced processing techniques under development, ana to discuss expectations 
for future improvements. 
The approach was to present invited and submitted papers on various aspects of 
photovoltaic metallization systems; to invite acknowledged experts in the 
field, who would lend perspective as well as technical expertise, to attend; 
and to provide ai’ atmosphere and a setting that would provide ample 
opportunity for discussion. 
More than 64 specialists came to Pine Hill, Georgia, March 16-18, 1983, to 
participate in this PV Metallization Forum. These scientists and engineers 
came from industrial laboratories, government laboratories and universities 
engaged in research and development in metal-semiconductor systems. 
These Proceedings contain the texts of the presentations made at the Forum as 
submitted by their authors to the Committee at the beginning of the Forum. 
Thus, they may vary from the actual presentations in the technical sessions. 
The discussions following each presentation were tape-recorded at the c3n- 
ference and have been edited for clarity and continuity. 
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OPENING REMARKS 
Brian D. Gallagher 
Jet Propulsion Laboratory 
Forum Chairman 
GALLAGHER: Ladies atid gentlemen, I would like to welcome you to this Research 
As 
Forum on Photovoltaic Metallization Systems, which is sponsored jointly 
by the Jet Propulsion Laboratory and the U. 5. Department of Energy. 
in all projects, this one has some very specific concerns. 
Project Constraints 
0 Economic 
Module $0.70/watt 
- Metallization Variable 
0 Reliability 
Module 30 years 
- Metallization Compatible 
Efficiency, NOC >11% 
These are 1984 constraints, which are relatively new. The metallization 
systems we are talking about are very definitely an important portion of 
it. The future constraints 
are going to get worse, not better. With that in mind, I would like to 
cover a few things that are on the viecgraph. 
constraints on finished modules sitting in a box, packaged and ready to 
ship out. It is still $O.’lO/watt and that $O.’lOlwatt is in 1980 
dollars. 
a number of systems, most of theL sycergistic. 
It is still one of our major cost Jrivers. 
We do have economic 
The metallization port-’ - 1  of that is variable, because we have 
There are many meLal Systems you will hear of in the second talk, with 
more information on how some of these systems interact and what the 
effect really is on a finished module. 
To give you a feeling for the amount of money that we have allocated to 
us from the FSA Project Analysis and Integratian Area, the total cell 
fabrication cost of an 11% cell is something like 21.7C. With that 
allocation, we don’t pay for the silicon and sc4rt with a piece of raw 
sheet to produce a cell. It is a very tough economic load. 
Reliability is a very definite project constraint. 
seeing 20 years in that slot. It has recently been changed to 30 
years. Again, putting the economic constraint on the metallization 
system means it has to be an inexpensive metal system, it has to be 
compatible with that goal, and it has to have a 30-year lifetime. It is 
a very difficult goal. 
We are very used to 
1 
The efficiency goals are changing on us. 
When I made this viewgraph the efficiency goal was 112. 
received a missive in the mail that said that the 1984 goal is 122. 
that sounds like a comfortable number, because it is only 22 more than 
we started with in 1975 and we have had eight years to play with it. 
But a little thing called HOC makes a lot of difference. That NOC 
stands for normal operating conditions and that means that the ambient 
is at 2OoC, the module itself is at its NOCT (which is normal 
operating cell temperature) and, depending on the design of the module, 
that is nominally 5S°C. 
module is measured at an insolation of 100 milliwatts per square 
centimeter. 
the standard temperature conditions where it is measured in the lab, 
extrapolated to NOC, has a degradation factcr of 0.91. l f  you take a 
look at a cell that we produce in a normal manner and encapsulate, we 
have another degradation factor that is approximately 0.92. 
at the packing factor problems we have with round cells, we are lucky to 
get about a 0.76 degradation factor, and if it is a square cell it is 
about 0.925. 
order to get a square cell into a finished module that has an 11% 
efficiencv. the cell itself has to be 142. That's tough. If we 
increase that module efficiency to 12f, that particular cell has to be 
15.62. 
and NOCs, we do have problems. 
Remember, it used to be 102. 
Last Friday, I 
N ~ W  
The wind is one meter per second and the 
That is exceedingly tough, because the difference between 
If we look 
When you multiply all of these nice things together in 
So when they start talking about those rather mundane numbers 
So much for the constraints. 
Agenda 
SESSION I: 
SESSION II: METALLIZATION SYSTEM DESIGN 
STATUS OF PHOTOVOLTAIC METALLIZATION SYSTEMS 
SESSION 111: THICK-FILM METALLIZATION SYSTEMS 
SESSION IV: ADVANCED TECHNIQUES 
SESSION V: FUTURE METALLIZATION CHALLENGES 
Now I would like to talk a little bit about what you are going to see in 
the agenda. The first session is involved with the status of 
photovoltaic metallization systems. 
2 
Session I: Status of Photovoltaic Metallization Systems 
M. Wolf (University of Pennsylvania). Chairman 
0 Solar-Cell Metallization: Historical Perspective 
0 Economic Implication of Current Systems 
0 Accelerated Degradation of Silicon Metallization Systems 
0 Field-Test Experience 
0 Fundamentals of Semiconductor Metal Contacts 
W. Taylor (Photowatt International) 
R. Daniel (JPL) 
J. Lathrop (Clemson University) 
R. Weaver (JPLI 
0. Schroder (Arizona State University) 
What we are trying to do in this forum is to take a snapshot of where we 
are now, what sort of problems we have, what we can do about them; take 
a look at some of the ways of solving the problems by getting 
interaction between people who perhaps have not interacted before. 
Let's find out where we should spend our research dollars. 
dollars are rapidly diminishing. 
can get. We have to know where to put it and we are not omniscient; we 
need all the help we can get. 
say, how did we get here? What are some of the economies of scale, and 
economic factors? There is a lot of theory involved in this thing. 
lot of theory that we sometimes forget, that we don't look at. When we 
start looking at higher efficiencies, and perh. 9 emerging thin-film 
technologies, we have to know mote about what r.  lly makes that contact 
work. 
Our research 
We need the best bang for a buck we 
So the first session is really ooing to 
A 
3 
Session !I: Metallization System Design 
0. Burger (JPL). Chairman 
HANDOUT: "Getting the Current Out." 0. Burger (JPL) 
A hlicroeiectronic l e s t  Structure for Interfacial Contact 
Resistance Measurement 
L. Linholm (National Bureau of Standards) 
Diffusion Barriers 
M. Nicolet (California Institute of Technology) 
Observation of Solar-Cell Metallization Corrosion 
G. Mon (JPL) 
Module Degradation Catalyzed by Metat Encapsulant Reactions 
6. Gallagher [JPL) 
Metallization Problems with Concentrator Cells 
P. lles (Applied Solar Energy Corp.1 
Additional Discussion of Sessions I and II 
The seccnd session is on metallization system design. We are going to 
give you some rules, some of the things we have found; we are going to 
show you that with the best laid plans of mice and men we still have 
problems; ve are going t o  show you what some of those problems are. 
Some of them w e  understand, some of them we don't; but we would like to 
get all of them out in the open and intensively discussed. 
Session 111: Thick-Film Metallization Systems 
3. Parker (Electrink, Inc.), Chairman 
Effects of Particle Size Distribution in Thick Film Conductor 
Particle Size Effects on Viscosity of Silver Pastes--A Manufacturer's View 
Non-Noble Metal-Based Metallization Systems 
Polymer Thick Film Conductor and Dielectrics for Membrane Switches 
and Flexibh Circuitry 
R. Vest (Purdue dniversity) 
J. Provance (Thick Film Systems, Div. of Ferro Corp.) 
A. Garcia (Spectrolab, Inc.) 
N. Nazarenko (du Pont) 
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The third session is on thick-film metallization. Again, a snapshot 
perhaps of where we are in sone systems. 
some of the things are th8t we don't know -- artas that we h8ven't p8id 
enough attention to. 
A little bit of theory on wh,; 
Session IV: Advanced Techniques 
R. Landel (JPL), Chairman 
0 Ionized Cluster Beam Deposition 
A. Kirkpatrick (Eaton Ion Implantation Systems) 
0 Metallization wi th Generic Metallo-Organic Inks 
G. Vest (Purdue University) 
0 Dry Etching of Metallizations 
0. Bollinger (VEECO) 
0 Laser Assisted Deposition 
S. Dutta (Westinghouse R&D) 
In advanced techniques, we are going to go into something that hasn't 
really been used within our system. 
those things weren't there. 
techniques? 
When we took our last snapshot, 
What can we do with some of these advanced 
Some of them look pretty good. 
Session V: Future Metallization Challenges 
G. Schwuttke (Consultant), Chairman 
0 Transparent Conductive Coatings 
A Metallization System for Thin Film Photovoltaic Modules 
0 Ion-Copper Metallization for Flexible Arrays 
S. Ashok (Pennsylvania State University) 
A. Firester (RCA Laboratories) 
H. Lavendel (Lockheed Palo Alto Research Laboratory) 
Future metallization challenges: in the last session we are going to 
find out what is &aod, bad, or indifferent for the future. 
Remember, we are looking for discussion and participation. 
more viewgraph to show you. 
viewgraph. 
I have one 
I will be perfectly honest: I stole this 
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Thermal Aging of a Chicken Egg 
1s rm 
AT 100°C 
(A ProMem of Prediction) 
A FEW WEEKS AT 
ROOM TEMPERATURE 
21 days A1 
31°C 
HARDBOILEO ROTTEN BABY CHICKEN 
EM6LE NOT EDIBLE EVENTUALLY EMBLL 
1 saw i t  f i r s t  a t  a d iscuss ion  given by a gentleman from Kodak, and it  
impressed me. Ed Cuddihy of JPL s t o l e  i t  from him, and I made a d i r e c t  
s t e a l  from Cuddihy. I w i l l  put it up now, for it says  a lo t  about what 
we are t ry ing  t o  do as wli as what he is t r y i n g  t o  do. 
d-dn ' t  change it. 
does s a y  F Lot. F i r s t  of a l l ,  t h i s  forum is being sponsored wi th in  t h e  
J o t  Propulsion Laboratory's  F la t -P la te  S018r Array Pro jec t  by the  
Process Research Task, and w e  be l ieve  t h a t  t he re  is a l o t  t o  be s a i d  f o r  
process research.  
concerned with: simple th ings  l i k e  temperature and t i m e .  Remember: with 
a l l  theso advanced process techniques w e  hear  about ,  with a l l  t hese  
process methods of forming a c e l l  or an in te rconnec t ,  a l o t  of t h ings  
can happen with those two var iab les .  
That ' s  why I 
I don' t  know i f  you have seen i t  before  but  i t  r e a l l y  
This  viewgraph shows you t w o  th ings  w e  are always 
Z t u r n  this -.ver t o  our f i r s t  chairman, fo r  t he  f i r s t  sess ion:  Professor  
Martin W ' r  from the  Universi ty  of Pennsylvania. 
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SESSION I: STATUS OF PHOTOVOLTAIC METALLIZATION SYSTEMS 
Martin Wolf (University of Pennsylvania), Chairman 
WOLF: As Brian mentioned, this first session is primarily looking backward. 
I guess the objective is prima:ily to get us all on a common 
denominator, so that from this point on we can start to look forward and 
have a look at requirements and future developments on an equal basis. 
The first speaker, therefore, is Bill Taylor, an old hand in the 
semiconducto- device development and in solar cells particularly, from 
Photowatt International, Inc. He will give us a historical perspective 
on solar-cell metallization. 
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SOLAR CELL METALLIZATION: HISTORICAL ~ERSPECTIVE 
WILLIAY E. TAYLOR 
Technical Director 
Photowatt International, Inc. 
Tempe, A2 85281 
Collector grid design involves a compromise of the dimensions of junction 
depth, grid spacing and grid width (all of which should be small), and cost, 
which depends on the technology used and which deternines the minimum grid 
width (Figure I ) .  As the grid width resolution hecomes smaller, the other 
dimensions can be made smaller and cell performance will improve, but costs 
tend to be higher for technologies with fine line resolution capability. 
1. Xj should be small: 
a. 
BL'T b. 
2. For given sheet rho, reducing s will: 
a. reduce R (increase efficiency) 
increases blue response which increases efficiency, 
increases sheet rho, which increases R and decreases efficiency. 
S 
g 
BUT b. increase'shaded area, decreasing efficiency . 
3. For given s reducing W will: 
g' g 
a. decrease shaded area (increase efficiency) 
BUT b. this is limited by technology and cost. 
For space applications, metallization design is driven by the cost of 
lifting weight into orbit. Hence space cell technology uses shallow junctions 
with narrow gridlines at premium prices for high efficiency and high reliabil- 
ity. 
or photolithography for pattern definition. 
Metallization technology is evaporation or sputtering with shadow mask 
For terrestrial applications, design is driven by cost. Hence terrestrial 
design compromises performance by using deeper junctions and wider grid lines 
. i aced farther apart in order to achieve lower costs on a per peak watt basis. 
Current technology favors conductive screen printed inks or electroless nickel 
plating with pattern definition by screen printed resist. 
Typical values of pertinent parameters for current commercial practice are 
shown in Figure 2. 
Contact metallization must satisfy a number of functional criteria 
(Figure 3 ) .  
subsequent service life and to attain and maintain good adhesion ace critical, 
and are strong determinants of the metallization system design and materials 
selection. 
The need to avoid junction degredation during processing and 
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SPACE CELL METALLIZATION TECHNOLOGY 
The f i r s t  solar cells  had no f r o n t  s u r f a c e  m e t a l l i z a t i o n .  The d i f f u s e d  
junc t ion  wrapped around the  edge of t h e  ce l l  to  t h e  back, where concacts  were 
made. This  s i t u a t i o n  w a s  improved on by deploying a g r i d  of metallic conduc- 
t o r s  across t h e  i l l umina ted  s u r f a c e  t o  c o l l e c t  t h e  c u r r e n t  nea r  its o r i g i n .  
Me ta l l i za t ion  progressed i n  an evolut ionary f a sh ion  (Figure 4) from e l e c t r o -  
less n i c k e l  through evapc.rated t i tanium-si lver  c o n t a c t s ,  which were invented 
and patented by Marinaccio and Lepse l t e r  a t  B e l l  Laborator ies ,  t o  pas s iva t ed  
con tac t s  having a t h i n  l a y e r  of palladium under the  s i l v e r  t o  electrochemi- 
cally pass iva t e  t h e  t i tanium. Evaporated o r  p r i n t e d  aluminum is sometimes 
used t o  promote ohmicity of t h e  back contact  and reduce the  t i t an ium s i n t e r  
temperature. 
s u r f a c e  l a y e r s  (P p lus  back suxface f i e l d ) .  
The aluminum may be s i n t e r e d  to e s t a b l i s h  doping of t h e  s i l i c o n  
The Ti-Pd-Ag contact  system has become t h e  s t anda rd  q u a l i f i e d  space ce l l  
m e t a l l i z a t i o n  s y s t e m  a g a i n s t  which a l t e r n a t i v e s  are compared. Other t r a n s i -  
t i o n  metals are t e c h n i c a l l y  acceptable  but  have no t  been adopted f o r  commer- 
c ia l  p rac t i ce .  The p r e f e r r e d  method of f a b r i c a t i o n ,  evaporat ion through metal 
sIiadow masks, l i m i t s  p a t t e r n  and hence ce l l  s i z e .  Need f o r  large s ize  cells 
i n  l a r g e  space a r r a y s  is fo rc ing  t h e  us.e of pho to l i t hograph ic  technology f o r  
p a t t e r n  d e f i n i t i o n .  
TERRESTIAL SOLAR CELL METALLIZATION: PLATED CONTACTS 
E l e c t r o l e s s  n i c k e l  p l a t e d  con tac t s  o f f e r  several advantages (Figure 5). 
The erratic and u n r e l i a b l e  adhesion of e l e c t r o l e s s  n i c k e l  can be overcome by 
s i n t e r i n g  t h e  con tac t ,  whereby a n i c k e l  s i l i c i d e  compound is caused t o  be 
formed. 
d i f f e r e n t  s i l i c i d e s  (Figure 6).  Nickel atoms d i f f u s i n g  i n t o  t h e  junc t ion  
deple t io i i  region can act as recombination c e n t e r s  and degrade ce l l  performance. 
Anderson and Peterson observed t h a t  w i th  30 minutes s i n t e r  t i m e ,  j u n c t i o n  
shunt ing becomes evident  at 350 degrees and c a t a s t r o p h i c  a t  450. 
The n icke l - s i l i con  system is complicated by t h e  formation of several 
E l e c t r o l e s s  n i c k e l  p l a t e d  con tac t s  have been modified t o  improve adhesion 
and ohmicity by in t roduc ing  t h i n  l a y e r s  of gold or palladium deposi ted by 
displacement or a u t o c a t a l y t i c  methods (Figures 8 and 9).  
deposi t  is s i n t e r e d  a t  600 degrees to  form t h e  d i s i l i c i d e .  
e l e c t r o l e s s  n i c k e l  depos i t  is f u r t h e r  s i n t e r e d  a t  300 degrees  t o  ensure a 
s t a b l e  r e l i a b l e  contact .  
The t h i n  palladium 
The subsequent 
Nickel p l a t e d  con tac t s  have a high shee t  resistance, commonly overcome 
by s o l d e r  coating. 
at tractive a l t e r n a t i v e  which has  been i n v e s t i g a t e d ,  but  is not  y e t  i n  commer- 
cial  use. 
than 20 yea r  l i f e  f o r  exposure of 6 hours p e r  day at 135 degrees. 
Copper p l a t i n g  over  t he  electroless n i c k e l  is a c o s t  
Grenon and co-workers p r e d i c t  t h a t  such s y s t e m s  w i l l  have g r e a t e r  
TERRESTRIAL SOLAR CELL METALLIZATION: PRINTED CONTACTS 
The use of sc reen  p r i n t i n g  f o r  s o l a r  ce l l  con tac t  m e t a l l i z a t i o n ,  f i r s t  
descr ibed by Ralph i n  1972, has  been extensfvely developed and is  now widely 
used f o r  terrestrial s o l a r  c e l l s .  The o r i g i n a l  s c reen  p r i n t e d  m e t a l l i z a t i o n  
used commercial f r i t t e d  s i lver  conductive inks ,  and t h i s  has  continued t o  be 
the  p r a c t i c e .  
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The use o f  a b r i e f  d i p  i n  d i l u t e  hydrofluoric  a c i d ,  f r equen t ly  r e s o r t e d  
t o  as a means of improving ce l l  performance, r e s u l t s  i n  such undesirable  
e f f e c t s  as uns t ab le  ce l l  performance and errat ic  adhesion, both of which de- 
grade i n  humid envi-onments. Good, s t a b l e  curve shapes can be obtained by the  
use  of s h o r t  ( sp ike)  f i r i n g  techniques.  This i s  t y p i c a l l y  achieved by s i n t e r -  
ing  temperatures of 600 t o  700 degrees f o r  30 t o  120 seconds i n  i n f r a r e d  fur-  
nace equipment. 
S i n t e r i n g  is c a r r i e d  out  i n  an ox id iz ing  atmosphere which generates  an 
oxide l a y e r  on t h e  s i l i c o n  to  which t h e  f r i t  can bond. However, t h e  f r i t ,  
a c t i n g  as a f l u x  f o r  the oxide can allow the  ox ida t ion  process  t o  cont inue 
and t o  pene t r a t e  t h e  junc t ion .  This poss ib ly  exp la ins  the  necess i ty  f o r  t h e  
sp ike  f i r i n g  and t h e  e f f e c t s  of HF treatment.  S i l v e r  can also migrate t o  the  
junc t ion  by d i f f u s i o n ,  r e s u l t i n g  i n  degredation of c e l l  performance. Junct ion 
depths of 0.35 t o  0.5 microns are necessary t o  ensure long service l i f e .  
In  the  area of new developments, procedures t o  ove rp r in t  and f i r e  through 
Ti0 AR coa t ing  have been descr ibed by Frisson. I n  the  sea rch  f o r  base metal 
systems, promising developments with molybdenum-tin have been reported by 
SOLOS and Spectrolab and wi th  f r i t l e s s  copper inks  by Ross. 
TERRESTRIAL SOLAR CELL METALLIZATION: BACK CONTACTS -
Back c o n t a c t s  are more d i f f i c u l t  t o  e s t a b l i s h  because of t he  tendency t o  
form Shottky b a r r i e r s .  
d i f f u s i o n  o r  aluminum a l l o y i n g  i s  advantageous. 
aluminum have been used t o  form the  P+ doped layer on t h e  back su r face .  
aluminum must be s i n t e r e d  above t h e  silicon-aluminum e u t e c t i c  (577 deg. C) 
i n  o rde r  t o  provide t h e  des i r ed  aluminum doped regrowth l a y e r  (Figure 11) 
which should be uf t h e  o rde r  of 1 micron th ick .  
inum backs t h e  use of a very s h o r t  ( sp ike)  f i r i n g  cyc le  a t  about 900 drgrees  
has  been e f f e c t i v e .  Overcoating with evaporated Ti-Pd-Ag, by e l e c t r o l e s s  
n i c k e l  p l a t i n g  o r  t in-zinc e u t e c t i c  a l l o y  appl ied by u l t r a s o n i c  s o l d e r i n g  
i r o n  technique have been used t o  form so lde rab le  pads on p r i n t e d  aluminum 
backs. 
a p r i n t e d  s i lver  contact  i n  a gridded configurat ion.  
The formation of a more heavi ly  doped l a y e r  by boron 
Both evaporated and p r i n t e d  
The 
I n  t h e  case of p r i n t e d  alum- 
Al t e rna t ive ly ,  t he  p r in t ed  aluminum may be s t r i p p e d  and replaced with 
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Figure 1 . Solar-Cell Collector Grid Metallization 
Figure 2. Typical Values 
APPL I CAT Mt4 
SPACE 
TERRESTRIAL 
EFF . ., MICRON MICRON nn, b 9 XJ 
081 < 50 1 14 
9.35 7150 3 12 
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Figure 3. Metallization Requirements 
1, LOn RESlSTANCE OHMIS CONTACT 
2. AVOID PERFORMANCE DEGREDATION 
- JUNCT!ON SHUNTING 
- MlNORlTY CARRIER LIFETIHE 
3,  GOOD ADHESION 
4, LONG TERM STABILITY 
Figure 4. Evolution of Space-Cell Metallization 
10 NO ILLUMINATED SURFACE RETALLIUTION 
2, ELECTROLESS #ICKEL FRONT SURFACE CRIDS 
3, EVAPORATED TITANIUM - SILVER, SOLDER COATED 
Figure 5. Attributes of Plated Contacts 
1, SHALL CAPITAL INVESTMENT 
2. ANENABLE TO  on COST, HIGH VOLUK BATCH PROCESS MANUFACTURING 
3, ADDITIVE PROCESS LIMITING MATERIAL COSTS 
4, INSENSITIVE TO SURFACE IRREGULARITIES 
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Figure 6. Ni-Si Alloy System 
ORlGlNAL PAGE 19 
OF POOR QUALITY 
Figure 7. Effect of Sintering on Adhesion 
of Electroless Nickel Contacts 
SINTER PEEL 
TEMPERATURE. STRENGTH 
NO SINTER 
2m0c 
25C 
275 
300 
90 GRAMS 
332 
391 
510 
618 
"20 SECOADS SINTERING TIME 
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Figure 8. Pd-Si Alloy System 
Figure 9. Au-Si Alloy System 
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ORIGINAL PAGE 18 
OF POOR QUALlrV 
Figure 10. Evolution of Plated Contact Technology 
1, SfPlPLE ELECTROLESS NICKEL PLATING WITH SOLDER COAT 
2, USE OF COATING AS P U T I M ;  RESIST 
3. USE OF AU OR PO TO PROROTE ADHESION AND O W I C I T Y  
4. COPPER iuiits TO REPUCE SOLDER COAT 
Figure 1 1. Aluminum-Silicon Alloy System 
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DISCUSSION 
WOLF: Thank you very much. At least we have advanced tremendously vith our 
metallization problems at a time when most of the pottants were not well 
understood, particularly these questions of residual chemicals being 
interfaces -- interacting with environments -- which led in early times 
to customers concluding that you might as well ship the contacts in one 
box and the cells in another. 
NICOLET: I would like to make a couple of conments. The first one has to do 
with the nickel-copper system. 
so I think it is evident that by combining these two elements you don't 
have a stable system. 
will change. 
investigate the matter, and we found to our surprise that the 
palladium-silicon phase diagram that you projected, from Hanson, is 
wrong. The nickel-and-platinum-based systems with silicon are also 
vrong. If you are interested I can give you a later reference. It 
surprised me these things are so old and yet not fully understood. PdSi 
is per itec t ically dissociating at 7OC. 
Nickel and copper form a solid solution, 
By stability I mean if you wait long enough it 
The second comment is perhaps worthy of note here. We did 
TAYLOR: I agree with your first comment about the copper-nickel system. If 
fou wait long enough or if you expose the system to high enough 
temperature, copper is going to migrate. Pryor and coworkers at 
Motorola have looked at that problem and have shovn that for 20-year 
life, the copper-nickel system is a viable system. 
phase diagram, I find this to be a very interesting question, I have 
looked at those phase diagrams and there is something about those 
diagrams that has to be wrong. I think that what we are seeing there is 
that the early phase-diagram work looked at reactions going on at fairly 
high temperatures and then they just dropped everything down to lower 
temperature. 
low temperatures, and those same reactions are going on, and I think 
that a reevaluation of those types of systems is a thing we need. 
With respect to the 
We are now dealing with systems in which we are using the 
WONG: Bill, I have a question. When you showed the gold silicon nhase 
diagram I saw no significant solubility between those two constituents; 
I wonder whether you couldn't have adhesion problems at the gold and 
silicon interface, because thermodynamically it is hard to form the 
interface. 
TAYLOR: Well, one certainly has a certain amount of solid solubility. 
diagram I use there was taken from a fairly accurate reference. The 
solubility is so limited by the chart, there is no way one can get good 
adhesion. 
The 
LAVENDEL: I would like to complement your information on the use of welding 
t o  titanium-palladium-silver systems in this country. Lockheed has a 
very extensive program with respect to solar arrays where the welding of 
copper interconnect to silver metallization is used. At this present 
moment extensive tests equivalent to the low earth orbit for five years 
-- -8OO to +80°C cycles -- have been performed and very little 
damage to the welds were found. We found some traces of some problems 
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t h a t  might not  be connected t o  f a t igue  but  might be connected t o  
entrapment of these  p o t t a n t s  i n  some of t he  s i l v e r  compound. 
TAYLOR: Yes, I was aware of t he  Lockheed program and I th ink  you people are 
perhaps f a r t h e r  along than anybody else t h a t  I know. This is s t i l l  a 
program chat is being proven out .  
LAVENDEL: I t  could be appl ied t o  one of the  coming s h u t t l e  f l i g h t s .  
TAYLGR: I don ' t  think i t  has as yet  been appl ied.  There is  i n  t h i s  country 
a program t h a t  was i n i t i a t e d  by NASA t o  reopen the  whole sub jec t  of 
welding technology. I have not  heard what has been happening t h i s  pas t  
year.  1 am s u r e  t he re  i s  a Lot of i n t e r e s t  on the  pa r t  of space people 
i n  welding technclogy. 
STEIN: We have done a l o t  of work on u l t r a s o n i c  aluminum w i r e  and r ibbon 
bonding to s i lver -bear ing  conductive coa t ings ,  such as t he  s i l v e r  t h a t  
might be used on a s i l i c o n  s o l a r  c e l l .  
i t se l f  a s  a subs t r a t e .  
and thermal cyc l ing  s t a b i l i t y  comparable, c e r t a i n l y ,  i n  an acce le ra t ed  
way, t o  20 years  of l i f e .  It is  a b i t  d i f f e r e n t  from welding. 
W e  haven ' t  done t h i s  on s i l i c o n  
However, with some systems we see age s t a b i l i t y  
TAYLOR: lhank you for your COmnent. I don ' t  r e a l l y  have anything t o  add 
there .  I know t h a t  is a technology t h a t  i s  being worked on. 
WOLF: We w i l l  proceed t o  the second speaker of t he  sess ion .  
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ECONOMIC IKPLICATIONS OF CURRENT SYSTEMS 
R.E. Daniel and R.W. Aster 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 91109 
Introduction 
The primary goals of this study are to estimate the value 0 ,  RbD to 
photovoltaic (PV) aietallitatiaii sysredr cost, and to provide a method for 
selecting an optimal metallizatior. method foi AL- given PV system. 
value-added cost and relative electrical performance of 25 state-of-the-art 
(SOA) and advanced metallization system techniques are compared. 
The 
The /&ta for the cost estimates comes from Flat-Plate Solar Array 
Project (FSA' cantractors and other sources. The Improved Price Estimation 
Guidelines methodology (IPEG2) (Reference 1) was used to make the cost 
estimates. 
Most of the data for the cell-performance calculations comes from a 
report by Martin Wolf (Reference 2;. These data are used in conjunction with 
a grid optimization model (Reference 3 )  developed at JPL. 
This report introduces two new concepts for evaluating metallization 
systems: the efficient frontier and the tradeoff slope. 
Some study limitations are presented in the viewgraphs. Most notably, 
advanced metallization costs are usually extrapolated from laboratory-scale 
experiments, and back-metallization cost and performance data are not included. 
Costing Methodology 
The front-metallization process steps, evaluated by the IPEG2 
methodology, include masking, metal deposition sintering, mask removal and 
plate-u?. The inclusion of a co?per ribbon as a strap, to :ncrease the 
conductivity of the cell bus bars, increases the material costs and slightly 
increases the operating cost of the cell-stringing process step. 
The IPEG equation is shown in the viewgraphs, as are the data sources 
for the process costs and the final cost breakdown for both strapped and non- 
strapped cells. 
and for molybdenum-tin from 4 . 2 4 1 ~  io 84lgm are shown in the cost tables. 
The effects of a price swing for silver from $lO/oz to $ 5 0 1 0 ~  
Electrical Performance Calculation 
In this context, the electrical performance of the solar cells studied 
This calculation is made using 
The program takes into 
is the ratio of the expected output power to the output power of a lossless 
(no resistive losses or ahadow losses) cell. 
the JPL grid optimization program (Reference 3 ) .  
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account the resistive losses from the photoconductor sheet, metallization 
material and contact of the metal with the silicon sheet as well as the loss 
due to the shadowing of the grid structure. The program also uses the 
solar-cell operating characteristics as input values. For this study, the 
solar cell is assumed to be a 10 x 10-cm silicon cell with a sheet resistance 
of 4ClUr1, maxircum power voltage of 0.45 V and 2 maximum power current density 
of 30 mA!cm* at an insolation of 100 mW/cm2. 
two bus bars and the fine grid lines evenly spaced and perpendicular to them. 
It is assumed that the grid lines are rectangular in cross section, of uniform 
thickness and homogeneous in material content. 
Each cell is designed with 
For each process studied a maximum metallization thickness and a minimum 
fine-grid-line width was chosen to be consistent with that process's tech- 
nology. The program then calculates the optimal bus-bar width and fine-grid- 
line spacing that minimizes the power loss due to the grid design. 
The above optimization proced-ire was performed twice for evzry process 
technology. 
metallization bus bars for current collection and again for cells having a 
fine copper ribbon fastened over the metallized bus-bar pattern. 
exception is for state-of-the-art (SOA) screen-printed aluminum, where bonding 
copper to aluminum is very difficult. 
The cell performance was calculatea for cells with only the 
The one 
E f f ic ien t Front ier 
In the viewgraphs are plots, for the SOA irnd advanced systems, of the 
process cost versus the process performance ratio. 
represent the processes using silver.) A point is said to be on the efficient 
frontier if there is no other point that has both a higher performance ratio 
and a lower cost. 
(Two connected points 
A plot of only the points on the efficient frontier for both SOA and 
advanced systems is shown for comparison in the viewgraphs. 
Tradeoff Slope 
The tradeoff slope developed for this study comes from the following 
consideration: the total area-related system cost [total system cost minus 
the non-arsa-relited power conditioning system (PCS) cost] times a change in 
electrical performance yields an allowable change in metallization costs. The 
ratio of these changes yields the tradeoff slope. 
viewgraphs.) The reference cost allocatims used to make the tradeoff slope 
calculations come from Sacramento Municipal Utility District (SMUD) data and 
U.S. Department of Energy (DOE) advanced-system-level cost-goal allocations 
(to be published), 
(See expression in the 
Metallization System Optimization 
Assuming that the efficient frontier curves represent the best-known 
systems, then the optimal system, on each curve, is the one that is first 
20 
intersected by the tradeoff slope as the tradeoff slope is moved from the 
highest performance, lowest-cost position to the lowest-performance, 
highest-cost position on the graph. 
Any system improvements or new system developments that fall on the 
tradeoff slope line (that is, intersecting the above-described optimal system 
point) are now equally optimal. Any system that pushes the tradeoff slope 
line back to the higher-performance, lower-cost corner is an improvement in 
terms of the total system costs. 
Process Yield Impact 
Present understanding of the system process yields suggest a fairly 
stable yield (0.98 - + 0.01) for all systems investigated. 
Two notable exceptions are: SOA evaporation, so far, has a 0.89 
mechanical yield because of handling, and the Midiilm process has an 0.80 
electrical yield due to sheet-resistance variations. 
Conclusion 
The efficient frontier and the tradeoff slope can be used to identify 
those metallization systems that are either already optimal systems or close 
enough to warrant additional R6D. Likewise, those systems that are far away 
from the frmtier or the tradeoff slope line should be given careful 
consideration before receiving more RCD attention. 
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Introduction 
Purpose of this analysis: 
0 Compare costs and effectiveness of SOA metallization 
0 Estimate the potential impact of R&D in this area 
and projected metallization approaches 
Approach: 
0 Use data from FSA contractors and other sources with 
IPEG2 t o  establish costs 
0 Use Grid Optimization Model to establish electrical 
performance ratios 
Study Limitations 
There are many metallization processes; only 25 have beer! 
analyzed so far 
SOA metallization costs are typically based on commercial 
experience of indb ,try 
3 Advanced metallization costs are typically based on 
laboratcry-scale experiments and extrapolations 
0 The:e are t w o  basic reliability issues: 
Immediate mechanical and subsequent electrical test 
yields. (This has been addressed by this study) 
Lifetime (e.g., 20-year) performance. 
(This has not yet been addressed) 
Compatibility with other process steps and with unusual 
Back metallization cost and performance data not included in 
sheet specifications will not be addressed 
the evaluation 
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Candidate Processes and Systems 
- 
PROCESSISYSTEM DATA SOURCE 
Evaporation 
SOA (TilPdlAg) ASEC 
Advanced (TiINi + Cu plating') Westinghouse 
Screen print 
SOA (Ag paste) 
1990 (Ag paste') 
SOA (AI Paste) 
1990 (AI paste') 
1990 (MoISn') 
2.80/W, Block IV  
JPL BPU 
2.801W. Black IV 
JPL EPU 
JPL EPU, Dr. Macha 
Electroless plating 
SOA (Print resist, Ni-plate, Sinter, 
SOP. (Print resist, Ni-plate, Sinter, 
Advanced (PR, Ni plate, Sinter, Cu 
Solarex, Motorola 
Solarex. Motorola 
Motorola 
Wave solder) 
Cu plate) 
plating') 
Midfilm' (Ag) Spectrolab 
Midfilm' (MolSn) Spectrolab, Dr. Macha 
Ion plating' (TiINilCu) 
*Advancement of PV S?C 
Illinois Tool Works 
- - ~ - - 
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Electrical Performance Methodology 
0 Optimum spacing and dimensions (within process 
constraints) are calculated using the Grid Optimization Model 
0 Cell efficiency is strongly influenced by sheet characteristics, 
junction quality, AR coating, and test conditions as well as 
by metallization ptocesslsystern 
0 Therefore, relative electrical performance is derived in this 
study 
0 Input data that influence relative electrical performance are: 
Metallizatioii material resistivity, p,,,, ( R -cm) 
Metal-to-silicon contact resistivity, pc ( 0 -cm 
Merallitation thickness, T (cm) 
Fne grid line width, B (cm) 
Resistivity of busbar strapping material, pMB ( R -cm) 
Strapping material thickness, TB (cm) 
Sneet resistance, Rs (R/ 0 ) 
0 Voltage at max. power, Vm (volts) and current density, 
at rnax. power, Jm(A/cmZ) 
2 
24 
Electrical Performance Optimization Model Inputs 
Lossless’ :I 0 
EVAP SOA 1.6 x 10.6 1 x 10.4 
EVAP Advanccd 2.03 10-6 1 x 10.4 
Print AQ SOA 4.77 10.6 1 10-3 
Print Ag Adwriced , 4.77 10.6 i 10.3 
Print A I  SOA 2.00 x 10.5 1 x 10.6 
Print A I  Advrnced ~ Z.GO x 10-5 i x 10.6 
Print MolSn 2.95 A 10.5 i x 10.3 
Electroless hiiCu SOA , 2.00 10.6 1 1 0 3  
Electroless hilSolder SOA ’ 2.00 x 10.5 1 x 10.3 
Electroless LiiCu Advanced I 2.03 x 10.6 1 x 10.4 
Midfilm Ag ~ 4.77 x 10.6 1 x lG-3 
Midfilm MolSn ~ 2.55 10.5 1 10.3 
Ion Plating, TilNiiCu j 1.76 10.6 i x 10.4 I 
__ _____ ~. ~ ~ ~ - - _ _ ~  - ~ 
- - 0 I 1.000 1 1.000 
4 8 38 0.919 ! 0.875 
4 8 38 0.914 ~ 0.863 
8 8 127 0.892 I 0790 
12.7 12.7 127 , 0.898 1 0 820 
8 127 - 1 0.652 
11.7 12.7 127 0.871 j 0.705 
12.7 12.7 127 0.856 0.660 
50.8 5 0  8 457.2 0.833 0 761 
8 8 457.2 0.835 C j4 :  
4 8 38 0.914 0853 
10 10 45.7 0.913 0821 
4 8 38 0.917 ’ 0871 
- 
15 15 457 Oa71 I 3696 
-~ ____ -~ - 
‘Baseline values are 40 W !  sheet resistance, 0.45V max power voltage, 30 mAlcm2 mar power current density 
Copper Ribbun Strap - p ~ a  (1l.cml = 1.76 x 10.6# TB (pmi = 63.5 
Ti = metallization thickness with strapping, 12  = mr;tallization thickness without strapping 
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Cost Methodology 
This study focuses on front metallization, which can include the 
following process steps: 
0 Masking 
0 Metal deposition 
0 Sintering 
0 Mask removal 
0 Plateup 
It also includes the cost 3f strapping wi th  a copper ribbon in 
some cases; this involves an increase iii material costs and a 
small increase in operating costs at the cell-stringing process 
step 
COST DATA came from sources given on the next viewgraph; 
actual amounts of metal used came from the electrical perfor- 
mance model and from utilization rates reported by M. Wolf 
IPEGZ processed this data to  provide total costs of front metal- 
lization in terms of S/m2 
The expression used was: 
C(l)*EQPT + 109+SQFT + 2.1"DLAB + l .Z+ (MATS + UTILI 
W A N  
_- - 
where C(1)  comes from the following table: 
EQPT Lifetime j 3 5 7 8 10 15 20 1 
j C(1) I 0.83 0.65 0.57 0 .55  0.52 0.48 0.46 _ - _ _  - 1 - - - - - - - 
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Optimization 
, 1 
0 The optimal metallization procesdsystem will be on the 
efficient frontier 
0 The optimal point depends on the total area-related system 
cost. Take the total system cost and subtract FCS costs 
(these are not area-related). The total area-related system 
cost times a change in electrical performance yields an 
allowable change in metallization costs. The ratio of t h e w  
changes yields a tradeoff slope from the expression: 
1 /[1,000 W/m2 * Module Efficiency * Area-rela;eJ System C o m l  
0 We have used SMUD data for a SOA slope and 1986 Pro- 
gram goals for an advanced slope in the following table 
I ! Baseline 
I Efficiency 
SMUD SOA 
Advanced 
-. . 
- ~ - -  - __ 
Area-relateti 
System Costs 
$1  1IW 
$1.2/W 
. . __ 
Slope 1 
- - --- i  
8.26*10-4 I 
Process 'f ieldo 
0 Neariy all me;allization processes appear to have essentially 
the iame yield (0.98 f 0.01). In these cases there is no 
s ig l i i kan t  relative advantage 
0 There are t w o  exceptions: 
SOA evaporation includes substantial manual handling 
of wafers, which results in a 0.89 mechanics1 yield 
(ASEC Block IV report) 
Midfilm has demmstrated a 0.98 mechanical hut on!;. 
a C.80 electrical yield due to  sheet resistaricc varis. 
tions. This problem may or may not be resolved 
through R&D 
0 A SOA diffused wafer will cost a t  least $200 /m2 and a 
10% loss adds at least $20/m2 to the total cost of the 
process 
0 An advanced diffused ribbon could cost from $10/rn2 to 
$40/m2 
27 
Efficient Frontier: State of the Art 
( 
0.90 
EVAPORATIONS ) 
a 
PfilNT, AgS 
e 
0 z 
4 
5 -a 
a 
a 
9 0 8 0  
Lu a 
2 
0 E 0 7 5  
t- 
0 
Lu 
-I 
Lu 
0.7C 
ELECTROLESS, Ni-Ctis 
0. 
ELECTROLESS, Ni-Solders 
- PRINT, AQN 
0 h" * -.. 
e 
26.6 ELECTROLESS, 
e - ELECTROLESS, Ni-SolderN 
- S = Strapped 
N = Not Strapped 
Ni-CuN 
FRONT METALLIZATION COST, S/m2 
Points on the e t t i c w t  trontier are as good as any other point in terms of e,!hor ccist 01 
performance. these are circled 
Efficient Frontier: Advanced Svstems 
0 90 
0 
2 O d 5  
a 
5 
cc 0 8 0  
t- 
w 
0 z 
E! cc 
w a 
0 7 5  0 
Cf c 
V w 
-4 
0 7 0  
0 66 
FRONT METALLIZATION COST, S/m* 
S = Strapped 
N = Not Strapped 
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OR1GiNRL F A X  
OF POOR QUALITY Combined Efficient Frontiers 
066 
ADVANCED 
h TRADEOFF 0 
\ 
\ 
\ 
\ 
\ 
\ - 
1 1 1 I 1 I I h  J
I., xessiSy:tem 
~ - - -  
E v ~ ~ Y c :  :+iiCy, SOA 
Evay;ra!ion, Advanced 
Prii,t, A3. SOA' 
Prict, Ag. Advawed' 
?:ii:!, Ai, SPA 
Frint. Ai, Advanced 
Print, Mo-Sn" 
Electroless, Ni-Solder, SOA 
Electroless, Ni-Cu, S3A 
Electroless, Ni-Cu, Advsnced 
Midfilm, Ag' 
Midfilm Mo-Sn" 
Ion Plating, Ti-Ni-Cu 
FRONT METALL:ZATION COST. S/m2 
C( l ) *EOPT 
7.35 
5.26 
0.71 
0 3  
0.71 
0.35 
0.35 
1.43 
1 61 
1.35 
0.20 
0.20 
6 NA 
- 
9 - SOA 0 - ADVANCED (PROJECTION) 
32.40 50.50 
4.25 I 3.61 
0.52 5.09-25.07 
Cost Breakdown, No Strapping ( Wm2) 
92.7 
14.1 
63.6-26.6 
6.82-33.91 
0.21 
0.20 
1.20- 2.20 
1.93 
1.34 
2.1 5 
5.55-25.84 
1.53-2.52 
NA 
09eSQ FT 
2.42 
0.98 
0.30 
0.1 5 
0.30 
0.1 5 
0.1 5 
1.89 
1.69 
1.75 
0.29 
0.29 
NA 
7.6-34.7 
1.7 
1 .o 
2.0- 3.0 
7.7 
6.7 
8.6 
6.4-26.7 
2.4- 3.4 
6.0 
0.26 
0.52 
0.26 
0.26 
2.45 
2.02 
3.35 
0.38 
0.38 
NA 
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Change in Cost Due to Strapping ($/m2) 
Evaporation, SOA 
Evaporation, Advanced 
Print, Ag, SOA' 
New Plus I New 
Process'System 11 .2.(MATS+UTIL\i Strapping Total 
1 .a 
1 .o 3.60 
2.65-12.88 1 .o 
48.68 j 
0.1 1 
0.47- 0.85 
1 .s3 
: .33 
2.1 4 
2.85-1 2.37 
0.87- 1 23 
NA 
1 0  
1 0  
I 1 0  
1 0  
1 0  
1 0  
1 0  
1 0  
91 b 
15 1 
5 2-15 4 
I 5 7-21 3 
I 2 7  ! 
; 9  
Z f -  ? C  ! 
I 2 4  
iC i 
Q6 j i . 7 - i4 .?  
2 7 -  31 1 7G 
i 
'Ag price range of $1 O!oz to s50:Oz 
"Mo-Sn price range cf 4.2CIg to 6c lg  
Summary 
Cost and effectiveness of metallization systems have been 
compared 
0 Twenty-Five processes have been examined so far 
This study shoNs that metallization R&D could lead to 
significant advances in low-cost, high-performance 
processing 
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DISCUSSION 
HOGAN: H w  v i a b l e  are the  non-noble metal thick-f i lm ink  systems? 
GALLAGHER: The d a t a  you hear  w i l l  be r e l a t i v e l y  new, and I doubt t h a t  t h e  
c o s t  information is ava i l ab le  ye t ,  bu t  c e r t a i n l y  t h e  e l e c t r i c a l  
performance and some of t he  phys ica l  c h a r a c t e r i s t i c s  of  t h a t  s t r u c t u r e  
w i l l  be. 
HOGAN: What vas t h e  advanced evaporat ion system used? 
DANIEL: That vould be t h e  n icke l  p l c s  copper p l a t i n g ,  and t h e  information for 
t h a t  came from Westinghouse. 
CAMPBELL: On one s l i d e  you shewed t h e  SllllD and the  advanced evaporat ion 
process  area-related cost. 
$1.20. 
$11? 
I be l i eve  SllllD was $11 and t h e  advanced vas 
Can you t e l l  me how those were der ived?  
Does t h a t  inc lude  any module cos t ?  
And s p e c i f i c a l l y  t h e  
DANIEL: Yes. Those uere the  total  cost less p e r - c o n d i t i c n i l l g  c o s t s  t h a t  
are not area-related.  A l l  processing costs are i n  there .  H w  t h e  $11 
came ap,  I'm not sure ,  because they c a r e  ou t  of t h e  d e t a i l s  of t h e  SMJD 
vcrk . 
CAIIPBELL: Uhat about t h e  $1.2C? 
DANIEL: The $1.20 was  one of t he  P ro jec t  goals .  
CAMPBELL: That $1.20 d i d  not  include modules, I bel ieve.  My ques t ion  is: 
t h e  $11 per w a t t  you s a i d  included t h e  p r i c e  of t h e  module, which I 
be l i eve  w a s  around $4.50 or $5.00. Is t h a t  c o r r e c t ?  
DANIEL: I don ' t  know the  ind iv idua l  breakdown. 
CAMPBELL: OK, but  i t  is a to ta l  cost. Is it then t r u e  t h a t  t h e  advanced, t he  
total  c o s t ,  of g e t t i n g  t h i s  th ing  s i t u a t e d  is $1.20? 
DANIEL: A r e  you t a lk ing  about i n s t a l l a t i o n  i n  the  f i e l d ,  or - 
CAMPBELL: I a m  t a l k i n g  about soawthing t h a t  is s i t t i n g  o u t  t h e r e ,  t h e  area- 
r e l a t e d  cos t .  
DANIEL: No. That is not t r u e  then. 
WEAVER: Ron, I th ink  he ' s  asking are they both exac t ly  on the  same bas i s .  
DANIEL: To my knowledge, they should be. Again, I d i d n ' t  do t h i s  end of t h e  
A l l  I was doing vas giv ing  you t h i s  information,  and I would ana lys i s .  
have to be l i eve  it was done on the  same b a s i s .  
CAMPBELL: The only reason I am asking is ,  t h e r e  is a tremendous d i f f e r e n c e  i n  
the  area-related costs fo r  only a 3% ef f i c i ency .  
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BICKLER: I th ink ,  t o  be on a comparable bas i s ,  the  t o t a l  SHUD cos t  vas 
something l i k e  15 or 16 Sucks. I think it is mistaken t o  say  t h a t  t he  
module cos t  was $11. I th ink  the $11 is simply the a rea- re la ted  cos t s .  
GALLAGHER: I think so too,  but  caq we f ind out before  the  meeting ends. We 
have two days and a telephone. Y e  w i l l  ge t  you the  answer. 
(EDITOR'S NOTE: 
Ui thout  p w e r  - c o d  it ioning add it ion. 1 
The d o l l a r s  quoted were for  a maunted 3nd i n s t a l l e d  f a c i l i t y  
ILES: I w a s  a l i t t l e  d is turbed  about the y i e ld  numbers, 0.98, because for 
near ly  a l l  t he  processes it makes the Research Forum not worSi doing, i n  
many of these  cases ,  because 98% is about as  much as you would want. I 
suspect  t h a t  because the  e f f i c i e n c y  is r n t t l i n g  around i n  the re  -- I 
chink the needle j u s t  moved, and you say  it is a l ive c e l l ,  but I th ink  
you have t o  look a l i t t l e  c l o s e r  a t  vhat you mean by e l e c t r i c a l  
e f f i c i e n c y ,  not i n  t h e  node1 but  i n  real l i f e ,  because some of the  newer 
m e t a l l i z a t i o n  systems have a l o t  of problems i n  many r e spec t s .  
quest ion is, whether t he  l i f e t i m e  before  it peels o f f  is longer than the  
l i f e t i m e  i n  the  bulk of the  s i l i c o n .  
face t ious ,  but I think t h a t  98% gives everybody a very complacent 
f e e l i n g  i f  you don ' t  look a t  the  d e t a i l s .  
because not  everybody w i l l  t a l k  t o  you and tell you what t h e i r  y i e l d s  
w e r e .  
breakage u n t i l  they ge t  completely mechanized. 
But t h e  
I r e a l l y  wasn't meaning to  be 
I r e a l i z e  your problem. 
I am su re  t h a t  most people doing screen  p r i n t i n g  have some 
DANIEL: Yes. The mechanical y i e l d s  t h a t  ve ta lked  about in t h i s  d i scuss ion  
were from information t h a t  was provided t o  us  through the  con t r ac to r s ,  
and we are using tne  SAnICS-type ana lys i s ,  and from what information we 
have t h i s  is what everybody w a s  saying -- e i t h e r  the  0.97 or 0.99 
mechanical y i e ld .  
WOLF: A t  t h a t  process s t ep .  
DANIEL: Yes. A t  the  p a r t i c u l a r  process s t e p  under discussion.  
AYICK: I t ' s  a mechanical y i e l d ,  not an e l e c t r i c a l  y i e ld .  
DANIEL: Yes. It is a mechanical y i e l d ,  not e l e c t r i c a l ,  and t h a t  of course 
is another e n t i t y  ana lys i s .  
the c e l l  perform? That p a r t i c u l a r  information genera l ly  is  l e f t  out  of 
the process s t e p  ana lys i s ,  i n  terms of cos t ing ,  and we  t r y  t o  put i t  
back i n  by looking a t  the me ta l l i za t ion  c h a r a c t e r i s t i c s .  I f  we were t o  
do the  bes t  job we could with the  g r i d  design,  what kind of an 
e l e c t r i c a l  performance could be expected i f  everything was working very 
we l l ?  Again, t he re  is no overlapping of the mechanical y i e l d ,  and i n  
t h i s  case,  the e l e c t r i c a l  performance and the  l i f e t i m e  of the whole 
moni toying sys  t e m .  
After you have done a l l  t h a t ,  how w e l l  does 
RIEL: Back t o  the  same quest ion as Bob Campbell's. The SMUD area- re la ted  
system cos t  of $11 -- does t h a t  include the  power-conditioning c o s t ?  
DANIEL: No, i n  t h a t  case i t  does not include the power-conditioning c o s t s .  
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TAYLOR: I would Like t o  come back to Peter's ( I l e s !  d i scuss ion  of t h e  y i e l d  
quest ion.  He pointed out  t h a t  t he re  is another  aspec t  t o  the  y i e ld .  
You have t o  be c a r e f u l  of t h a t .  And t h a t  is ,  yes ,  t hese  processes are 
running along a t  98; y i e l d  and then you have a y i e l d  bus t .  For a week 
or so your y i e l d  is 1:ke 40% or 53%. When you ask people what t h e i r  
y i e lds  a r e ,  they give you t h e  90% snd they don ' t  t e l l  you about t h e  
y i e l d  bust .  
WEAVER: i t ' s  the 30-year y i e l d ,  t h a t ' s  what you r e a l l y  want t o  know. 
DANIEL: Well, c e r t a i n l y ,  i f  the  l i f e t i m e  of t h e  vhole sys t em were not a l l  
in tegra ted  i n t o  t h i s  a n a l y s i s ,  and tha t  poini  is w e l l  taken. I f  you are 
t a lk ing  about an instantaneous y i e l d ,  c e r t a i n l y ,  i f  you have t h i s  y i e l d  
bust going on. Unti l  t h a t  is solved,  not only does it impact t h a t  
p a r t i c u l a r  cos t  e f f o r t ,  it impacts a l l  of t he  upstream processes  a l s o ,  
because you have an expected output  of production and you a r e  cont inuing 
t o  lo se  c e l l s  a t  ,hat later po in t .  lou have t o  increase  everything 
upstream so it increases  not only the direct  cos t  a t  the process s t e p  -- 
which, i n  terms of t he  y i e l d ,  is l i n e a r  i f  i: is only a s m i l l  y i e l d  
(over f a c t o r s  of 2 i t ' s  probably not l i n e a r  any more) -- bc t  c e r t a i n l y  
the  impact goes a l l  the  way up the  cha in ,  so t he  value-added c o s t  
incurred a t  tne m e t a l l i z a t i o n  process s t e p  then becomes misleading 
because of i ts  impact an c e r t a i n  crther process  s t e p s  preceding i t .  
WOLF: This seems t o  exhaust the  quest ions about t h i s  paper. 
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ACCELERATED DEGRADATION OF SILICON METALLIZATION SYSTEMS 
Jay W. Lathrop 
Department of Electrical and Computer Engineering 
Clemson University, Clemson, SC 29631 
INTROCL'CTION 
Clemson University has been engaged for the past five years in a program 
to determine the reliability attributes of solar cells by means of accelerated 
test procedures (1). The approach, as shown in Figure 1, is to electrically 
measure arid visually inspect the cells, then subject them for a period of time 
to stress in excess of that normally encountered in use, and then to remeasure 
and reinspect the cells. Changes are noted and the process repeated. This 
testing has thus far involved 23 different unencapsulated cell types fron 12 
different manufacturers, and 10 different encapsulated cell types from 9 
different manufacturers. Unencapsulated cells were subjected to a variety of 
tests: bias-temperature testing at 75, 135, and 150 C, bias-temperature- 
humidity testing at 85% relative humidity and 85 OC, pressure cooker testing 
at 121 OC and 15 psig steam, and thermal shock and thermal cycle testing from 
+150 to -65 OC. Encapsulated cells because of the limitations of organic 
pottants have been subjected rnainly to 8 5 / 8 5  testing and to thermal cycle from 
+95 to -65 OC. 
The basic structure of a solar cell is shown schematically in Figure 2. 
In an effort to simplify the manttfactiiring process the metallization on both 
sides of the cell is usually the same. The purpose of the metallization is 
twofold: to make electrical connection to the silicon and to transport the 
current to the leads. Solar cell metallization systems in general consist of a 
thick current carrying layer plus one or more thin barrier/strike layers which 
interface the conductive layer to the silicon. There are essentially four 
different generic metallization systems in use today, as shown in Figure 3 -- 
vacuum deposited silver (titanium/palladium/silver), electroplated copper, 
screen printed silver frit, and solder coated nickel. In this figure the thick 
conductive layers are shown approximately to scale and the effect of different 
electrical conductivities can be easily seen. The thick high conductivity 
layer primarily influences the cost of the system, while the barrier/strike 
1.ayers primarily influence the reliability of the system. In a comprehensive 
study of metallization costs, which considered both materials and processing, 
Wolf and Goldman ( 2 )  showed the thick layer to be the cost driver and they 
concluded that the only system which could be considered truely low cost was 
the copper plated structure. 
Reliability attributes of metallization systems can be classified as 
major or minor, dependicg on the severity of the effects observed. As a 
result of the accelerated testing conducted under the Clemson program, major 
effects have been observed related to contact resistance and to mechanical 
adherence and solderability. Increasing the contact resistance as a result of 
stress will cause a degradation of the cell's electrical output, while 
adherence and solderability problems can result in catastrophic failure 
through open circuits. Minor effects observed include diffusion of 
metallization into the bulk semiconductor resulting in decreased minority 
carrier lifetime and a consequent reduction of Isc and possibly increased 
series resistance. Dissolution of metallization through corrosion resulting in 
increased series resistance is also possible, but has not been identified as a 
significant problem in cells tested thus far. 
As summarized in Figure 4 ,  the thick layer has essentially only two 
functions -- to transport current and to provide a solder interface to the 
external lead -- whereaP the thin layers have a number of functions. These 
include making an ohmic, low resistance connection to the silicon, serving as 
a non-penetrating diffusion barrier, providing a uniform and easily p. +able 
surface, serving as the glue for good adherence of the thick layer, anc 
providing a transition layer for any thermal mismatch. 
The cells tested in the Clemson program had a wide variety of 
barrier/strike layers. Conductive layers could easily be identified as 
belonging to on& of the four catagories shown in Figure 3, but more often than 
not the composition and thickness of the barrier/strike layers was unknown. 
Furthermore, manufacturers are naturally reluctant to rele&se proprietary 
information on film composition and deposition techniques, which represects 
one of the key trade secrets of solar cell processing. Therefore, despite the 
numerous accelerated tests which have been run, it is difficult to interpret 
the data obtainzd on specific cell types as relating to generalized 
metallization systems. In addition to the uncertainty of the metals and the 
deposition methods involved, it is often difficult to attribute the 
degradation observed as a result of testing to the metallization, rather than 
to some other aspect of the solar cell. The loss of mechanical adhesion, for 
example, would appear to be a straightforward problem of metallization, but an 
increase in szries resistance could be either a contact problem or a change in 
the bulk resistivity. This paper, therefore, does not attempt a generalized 
survey of accelerated test results, but rather concentrates on one particular 
attribute of metallization that has been observed to cause electrical 
degradation -- increased contact resistance due to Schottky barrier formation. 
In this example basic semiconductor theory was able to provide an 
understanding of the electrical effects observed during accelerated stress 
testing . 
EXPERIMENTAL OBSERVATIONS 
Most cell types when subjected to bias temperature testing in the 
unencapsulated mode show only a slight increase in series resistance. A few 
cell types, on the other hand, show a large increase in resistance accompanied 
by a pronounced non-linearity as shown in Figure 5. Construction of these cell 
types involve6 a flash of gold to provide a good plating surface, followed by 
electroless nickel plating, followed by a solder dip to provide the thick 
conductive layer. The cell itself was p+ on n. The non-linear shape of the IV 
characteristic implied the formation of a rectifying contact, and because the 
back was lightly doped, this would be the most likely location for its 
formation. To simulate this a discrete Schottky barrier diode was connected to 
the back of an unstressed cell with the result shown in Figure 6 .  When the 
diode by itself was connected into the circuit (using leads having 0.1 ohm 
resistance) curve B was obtained. In the power quadrant it can be seen that 
the effect of the forward diode drop was to push the IV characteristic to 
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lower voltages with a consequent reduction in power output. In the far forward 
region only the diode leakage current flowed. This gave rise to a pronounced 
non-linearity. If a 0.5 ohm resistor was placed across the diode, curve C was 
obtained which showed a less pronounced non-linearity, more nearly 
approximating the shape of Figure 5. Of course, any rectifying contact which 
would be formed as a result of accelerated stress would not be expected to be 
of ideal shape, but only to exhibit greater resistance in one direction than 
in the other. The presence of such a "poor" rectifying contact was further 
confirmed by fitting the IV characteristics of stress tested cells using the 
SPICE computer model. In this simple lumped constant model the solar cell was 
represented by a current source in parallel with a diode. The rectifying 
Schottky barrier contact was represented by a diode having a 0.69 eV band gap 
(vs 1.11 for Si) in seri2s with the cell in exactly the same way as was 
physically performed for Figure 6 .  The contact diode's resistance in the 
reverse direction could then be adjusted to give the best fit to the 
characteristic. Additional resistance was introduced in series witn the cell 
to simulate the cell's series resistance. Other more complicated models are 
also possible, but this one gave reasonable results as can be seen from the 
degree of fit achieved in Figure 7. Also shown is the contact diode 
characteristic which was required for this fit, illustrating its poor 
rectification shape. This same shape was also directly confirmed by probing 
small isolated areas of the back contact relative to the main area. 
Having shown that non-linear degradation is diode related, a very simple 
model of a metal to semiconductor contact will now be developed in order to 
examine conditions under which a rectifying contact could be formed at the 
back surface of the cell. 
METAL TO SEMICONDUCTOR CONTACT THEORY 
Figure 8 shows idealized energy band diagrams for an n-type semiconductor 
and a metal, both when seperated and when joined. The work function of d metal 
is the amount of energy required to remove an electron from the Fenni.leve1 of 
the metal to infinity, whereas the electron affinity of a semiconductor is the 
energy required to remove an electron at the conduction band edge to infinity. 
When the metal is far removed from the semiconductor, as in Figure 8(a), both 
the work function and the electron affinity are referenced to infinity and, in 
the absence of surface effects, the bands will be flat as shown. When they are 
brought together in thermal equilibrium, however, the Fem.i levels must line 
up and the difference between the metal's work function and the 
semiconductor's electron affinity tames the bands to bend as shown in Figure 
8(b). Such band bending requires an electric field which comes from negative 
charge accumulating on the metal and positive charge on the semiconductor. The 
positive charge in the semiconductor is the result of "uncovered" donor atoms 
in the space charge regio;.. As a consequence a potential barrier ($f8) exists 
between the metal and the seniconductor much as occurs at a semiconductor p-n 
junction. This is a Schottky barrier and the junction will exhibit 
rectification properties. In this simple theory the barrier height is the 
different- between the work function nnd the electron affinity. 
A t  actual metal-semiconductor contacts the situation is nore complicated 
as shown in Figure 9. As shown in this diagram, a thin insulating layer 
(oxide) may exist between the metal and the semiconductor. This layer can be 
so thin as to be transparent to electron conduction, but at the same time 
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contain charged surface states. Thus, in addition to the charge on the metal 
(Qm) and the semiconductor (Qsc), charge will exist in surface states (Qss) at 
the semiconductor-oxide interface. The presence of these surface states clamps 
the barrier height and makes it essentially independent of both the metal work 
function and the bulk doping of the semiconductor (for light to moderate 
doping). The barrier height in a practical case thus depends on such factors 
as the surface preparation (cleanliness) performed prior to deposition of the 
metal, the presence of a thin layer of native oxide, and the deposition 
technique used. 
When a forward bias is applied across the barrier, conduction may occur 
by either or both of two mechanisms, as illustrated in Figure 10. Electrons 
may have sufficient energy to surmount the barrier (which is now slightly 
rouqded as a result of image force effects), or if the barrier is suffiently 
thin, they may tunnel through it quantum mechanically. In either case the thin 
oxide is considered to be 2ssentially transparent to electrons. Thus a metal 
semiconductor contact may be either ohmic or rectifying depending on the 
barrier's height and thickness, This is illustrated in Figure 11, where the 
oxide layer has been omitted for simplicity. If the barrier is low enough 
electrons are able to pass freely over it and an ohmic contact results. If the 
barrier is thin enough, as wi13 occur when the substrate is highly doped, as 
by the n+ layer of Figure lla, electrons will tunnel through the barrier and 
the contact will also be ohmic. Thus either a low barrier, a thin barrier, o r  
a combination of the two results in an ohmic contact. On the other hand, if 
the barrier is high and thick, as will occur with a lightly to moderately 
doped substrate having the proper surface state conditions, a rectifying 
contact can occur as shown in Figure llb. 
The final pieces r' information needed to analyze solar cell contacts 
concern the polarity "i the surface states that can be expected on silicon and 
their effect on the barriLr height, A s  was mentioned, a number of variables 
can contribute to the magnitude and polarity of the surface states, but recent 
work (3 )  using low-energy, ion-scattering spectrometry on thin oxide, such as 
would be eXFeCted to form naturally at room temperature, has determined that 
the silicon atoms in the oxide adjacent to the interface are deficient in 
oxygen. A silicon atom with an unsatisfied (dangling) bond represents a 
positive charge. Hence the effect of this non-stoichiometric layer is to place 
a positive charge on the oxide side of the semiconductor-oxide interface as 
lias illustrated in Figure 9.  It has been demonstrated experimentally ( 4 )  that 
it is possible to control Schottky barrier height over a wide range by using 
very shallow, highly doped icn implanted layers. The effect of such 
artifically produced layers will be similar to the naturally occurring surface 
charge layers we are postulating. It was found in this work that positive 
charge on n-type silicon reduced the barrier height while positive charge on 
p-type silicon increased the barrjer height. We are now in a position to 
analyze the non-linear ('egradation observed after stress on some types of 
cells. 
ANALYSIS OF TEST RESULTS 
Since the cells in question have a moderately (!oped n-type substrate the 
theory presented above would indicate that the contact formed initially to the 
.~ack should be ohmic because the positive surface state charge at the 
iqterface will result iii a low barrier height. This agrees with our 
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experimental observations. In order for the contact to be~011;e rectifying under 
stress testing neutralization of the positive charge at the surlace 1s 
postulated. The most probable method of neutralization would be for oxygen 
atoms to complete the dangling silicon bonds (achieve stoichiometry) at the 
interface. In order for this to occur oxygen must diffuse to the interface 
from elsewhere in the structure. It would appear difficult for oxygen to 
diffuse through the thick metal contact from the ambient, and it is more 
likely that it would come from oxygen dissolved in the metal o r  in the 
silicon. The ability of oxygen to diffuse in a metal is related to the free 
energy of formation of ,ts most stable oxide. If the free energy (Af) is low 
(small negative value or positive) then oxygen does not react easily with the 
metal and it can diffuse with ease. As can be seen from the data of Table 1, 
this would be true for such metals as Au, Cu, Pb, Ni, and Ag. On the other 
hand, when the free energy is high (large negative values) a strong reaction 
between the metal and oxygen occurs and diffusion is difficult. Examples are 
A l ,  Cr, M g ,  Mo, Si, Ta, and Ti. Thus the Si/Au/Ni/Solder structure being 
considered would allow oxygen dissolved in the metals to freely diffuse to the 
interface, but not oxygen dissolved in the silicon. Oxygen diffusing to the 
interface will neutralize the dangling silicon bonds causing the barrier 
height to increase ana the contact to become rectifying, This agrees with the 
experimental observations shown in Figures 12 and 13. A comparison of the 
curvature of the far forward characteristics of the two figures indicates that 
2300 hours at 135 O C  is equivalent t o  roughly 100 hours at 150 OC. This would 
correspond to an activation energy of approximately 3 ev., a reasonable value 
for a diffusion process. 
CONCLUSIONS 
Two rout2s are thus open for the fabrication of ohmic contact to the back 
surface of a solar cell -- a safe route using a heavily doped substrate (e.&. 
bacrc surface field) which permits electrons to tunnel through the potential 
barrier, or a more dangerous route which utilizes a moderately doped substrate 
plus a low barrier height. The reason the latter route is comidered dangerous 
is that conditions for achieving a low barrier hejEht depend on the density of 
surface states, which can change under stress. Fr r  ;he particular cells 
described in this paper it is hypothesized that the surface states were 
originally positive charges, occurring as a result of dangling silicon bonds, 
and were later neutralized under high temperature stress by diffusion to the 
interface of oxygen dissolved in the metal. Modification of surface states in 
this fashion will tenc to make a contact which was originally ohmic become 
rectifying, and one which was originally rectifying become ohmic, 
The effect depends on the existance of a thin oxide layer and will only 
occur when the netals used do not react with oxygen, i.e. have a low free 
energy. If a metal is used having a high free energy, and is heat treated, it 
will react with the oxide and either change the surface states o r  dope the 
semiconductor so that a Schottky barrier may no longer exist. A good example 
is aluminum which has been used for nore than two decades in the fabrication 
of integrated circuits. Aluminum can make a rectifying Schottky barrier 
contact to either n- and p-type silicon (moderately doped) when originally 
deposited. Heating to 400 *C, as is normally done during in' sgrated circuit 
fabrication, allows the aluminum to reduce the native oxidc. The solid 
solubility of silicon in aluminum is sufficiently high that a thin p-type 
epitaxial layer is produced upon cooling down even though the eutectic 
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temperature was not reached. On moderately doped n-type silicon this will 
result in a rectifying Schottky barrier, while on moderately doped ptype 
silicon an ohmic contact will result (5). It shoula be pointed out, however, 
that random fluctuations in the thickness and doping of the precipitated 
silicon layer can cause fluctuations in the barrier height, which in turn 
translate into fluctuations in diode characteristics, so that aluqinum is not 
considered a suitable metal for Schottky barriers in integrated circuits. 
Platinum silicide which forms a high barrier height (0.84 ev) on n-type 
silicon and which, by virtue of being an in situ formed compound, is 
insensitive to interface conditions is now used instead. 
The cells described in this report which exhibited non-linear behavior, 
and consequent loss of power output, after B-T testing, appeared to have been 
made in exactly the wrong manner. A moderately doped substrate was used which 
resulted in a wide barrier not favoring tunneling . The substrate was n-type 
so that neutralization of the interface charge as a result of stress testing 
raised the barrier height and made t!ie contact become rectifying. The metals 
chosen had iow values of free energy favoring rsnid diffusion of neutralizing 
oxygen atoms. Finally, althoush not directly related to Schottky barrier 
formation, the gold flash vsed to insure uniiclrm plating was able to diffuse 
to the junction from the top under some conditions of stress, reducing the 
minority carrier lifetime and resulting in lower Isc 3s seen in Figure 13. 
It should bo noted that the analysis presented in this paper is based on 
ci-rcumstantial, but self-consistant evidence. The ideas were based on concepts 
developed w e r  years of single crystal silicon device irvestigations, but in 
order to prove (or disprove) the model, micro analytical techniques utilizing 
methods such as scanning Auger analysis and secondary ion mass spectrometry 
will reed to be used, While many of the ideas presented here should be 
applicable to other constructions, such as amorphous cells, interpretation 
will undoubtably be more difficult since the materials are less well 
understood than those in .r'licon cells. 
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Figure 9. Energy Band Diagram With Thin Interfacial 
Layer Containing Positive Charge 
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Figure 1 0. Nonrecombination Transport Mechanisms 
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Figure 12. I-V Charactwistics for Typical p + n Solar Cell Having 
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Table 1 .  Measured Ionization Energy of Various impurities 
in Silicon and the Free Energy of Formation 
of Their Most Stable Oxides 
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D I S C U S S I O N  
RIEL: Were a l l  t he  c e l l s  f a b r i c a t e d  with s i n g l e - c r y s t a l  m a t e r i a l ?  
LATHROP: Yes, as  f a r  as  I know. I t ' s  s i n g l e - c r y s t a l ,  and t h a t  is t h e  on ly  
way of growing c r y s t a l s  t h i s  s i z e .  
REIL: I guess t h e  next  ques t ion  i s ,  what was the  s i z e  of t he  c e l l  you were 
using.  
LATHROP: There were a couple of  s i z e s ,  three- inch and four-inch. It was no t  
one c e l l  tha t  showed t h i s ,  t h e r e  was -- 
REIL:  Do you know anyt'*ing about t h e  oxygen c o n c e n t r a t i o n  t h a t  t hey  had 
i n  t h e  o r i g i n a l  m a t e r i a l a ?  
LATHROP: No, I d o n ' t ,  bu t  I d o n ' t  b e l i e v e  t h a t  oxygen w i l l  d i f f u s e  through 
s i l i c o n  very r a p i d l y ,  because it  has h igh  f r e e  energy of  formation so I 
don ' t b e l i e v e  t h a t  is t h e  phenomenon t h a t  is  occur r ing .  
GARCIA: Would it be p o s s i b l e  t o  make a r e c t i f y i n g  con tac t  and watch it ge t  
b e t t e r  with t i m e  t o  s o r t  of  prove t h i s ?  
LATHROP: In my theory it should be. You have a good p o i n t  t h e r e .  This i s  
a l l  based on s e l f - c o n s i s t e n t  b u t  rather c i r c u m s t a n t i a l  evidence. In 
o rde r  t o  prove i t ,  one would have t o  go t o  Auger a n a l y s i s  o r  low-energy 
ion mass spectrometry o r  something l i k e  t h a t .  
i n t e r e s t i n g  a l s o  t o  iook f o r  oxygen, t o  look f o r  n e u t r a l i z a t i o r l ,  t o  look 
f o r  d i f f u s i o n .  
It would be very 
GARCIA: I t h ink  I can g ive  you a l o t  of  r e c t i f y i n g  c o n t a c t s  I have made. 
WONG: In  your a b s t r a c t  you mentioned t h e  r o l e  of encapsu lan t s  i n  
encapsulated and unencapsulated c e l l s .  Do you have any d a t a ?  
LATHROP: Yes. We have a l o t  of d a t a  on both.  But I d i d  not  want t o  p r e s e n t  
t h a t  i n  t h i s  t a l k  because I r e a l l y  had no way of making a g e n e r a l  conclusion,  
so I thought it would be n o r e  i n t e r e s t i n g  t o  go t o  a s p e c i f i c  t h i n g  we saw. 
would be happy t o  t a l k  with you about what we have found i n  our gene ra l  
t e s t i n g  procedures a f t e rwards .  
I 
WONG: Are they a l l  t e r r e s t r i a l  c e l l s ?  
LATHROP: Yes. They a r e  a l l  commercial s t a t e -o f - the -a r t  t e r res t r ia l  cel ls .  
Not experimental .  
WOLF: You mentioned p r i m a r i l y  t h e  gold-nickel system as t h e  one t h a t  shows 
the  formation of  t he  Schottky b a r r i e r s .  You must have t e s t e d  o t h e r  
c e l l s  and o t h e r  methods. 
LATHROP: That i s  r i g h t .  
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WOLF: Is t h a t  always a predominant Ea i lu re  mechanism t h a t  t he  Schottky 
b a r r i e r  develops during va r ious  h e a t  t r ea tmen t s  -- 
LATHROP: Not a t  a l l .  The on ly  one with l i g h t l y  doped s u b s t r a t e  we looked a t  
had go l t -n i cke l ,  so I c a n ' t  draw any conclusions about anything e i s e  
t h a t  would happen. A l l  I can say i s  t h a t  had the manufacturer gcqe t o  
heat treatment of one s o r t ,  t h a t  probably would have changed t h i n g s .  It 
might have changed th ings  f o r  che worse. In o t h e r  words, h e a t  t r e a t i n g  
with n i c k e l  s i l i c i d e ,  t o  form a n i c k e l  s i l i c i d e ,  I don ' t  know what t h a t  
is  going t o  do. B i l l  I ay lo r  could probably t e l l  you but  I ' m  no t  s u r e  i n  
my own mind whether t h a t  i s  going t o  make th ings  b e t t e r  o r  worse than 
j u s t  a p l a i n  low-high Schottky b a r r i e r .  
t h a t  we saw it  on were moderately doped s u b s t r a t e s .  The o t h e r  c e l l s ,  i n  
gene ra l ,  had a p+  s u b s t r a t e ,  p+ on p back-surface f i e l d .  
we d o n ' t  see this  r e c t i f i c a t i o n .  We have never seen r e c t i f i c a t i o n  on 
p+ and so my advice is a lways  use a back-surface f i e l d ,  not  f o r  b e t t e r  
e f f i c i e n c y  but f o r  b e t t e r  r e l i a b i l i t y .  
But anyway, t h e  on ly  t h i n g s  
In  these  
WOLF: Then the  o t h e r  t r ends  .lave always giveti you d i f f e r e n t  m a t e r i a l  fo r  
blackmail  o t h e r  thzn formation of Schottky b a r r i e r s .  
LATHROP: That ' s  r i g h t .  I have something on them too.  Next meeting, we  w i l l  
t a l k  about t h a t .  No. I have something on everybody. 
\ 
t 
SOMBERG: You mentioned a t  the beginning of your t a l k  t h a t  a l o t  of your t e s t s  
were a t  f a i r l y  high or  low temperature extremes. It seems, i n  :-he FSA 
program, t h a t  most of  the thermal cyc l ing  i s  from -40° t o  +90% and 
i n  real- l i fe  s i t u a t i o n s  ou t  i n  the  f i e l d  modules were s i t t i n g  t y p i c a l l y  
a t  r e l a t i v e l y  moderate temperatures .  Would you care t o  comment about 
t he  temperature extremes and any e x t r a p o l a t i o n  you have done i n  terms o f  
t h i s  new 30-year l iEet ime? 
LATHROP: It is very d i f f i c u l t  t o  t r y  t o  re la te  acce le ra t ed  t e s t i n g  t o  real  
l i f e  unless  you have some way t o  g e t  t h e r e .  Vou know you have t o  have 
f i e l d  d a t a  and you have t o  have some way of e x t r a p o l a t i n g  t h e  f i e l d  
da t a .  
bunch of d i f f e r e n t  temperatures and you can a t t e m p t  t o  g e t  some s o r t  of 
a c t i v a t i o n  energy, which you e x t r a p o l a t e  back t o  room temperature .  
is more d i f f i c u l t  than something l i k e  thermal cyc l ing .  
t o  do i t .  The only t h i n g  t h a t  I can say i s  t h a t  i f  c e l l  A goes through 
the  thermal cyc l ing  wi th  no problems, and then ce l l  B has  a l l  kind of 
problems, c e l l  B i s  worse than c e l l  A. But both ce l l  A and ce l l  B may 
las t  f o r  30 years .  I jus+- don ' t  know. But i t  behooves t h e  manufacturer 
of c e l l  B t o  take a look a t  i t  and t r y  t o  improve i t .  ' f i a t ' s  a l l  I can 
say.  A l l  I can t a l k  about a t  t h e  moment with regard t o  t h i s  is t h e  
r e l a t i v e  a s p e c t s  with regard t o  o t h e r  ce l l  t y p e s ,  bu t  no t  w i t h  r ega rd  t o  
an abso lu te  " w i l l  i t  l a s t  3C years?"  
For example, i n  bias- temperature  t e s t i n g  you can go tnrough a 
This 
I d o n ' t  know how 
SCHWUTTKE: I have one ques t ion .  I am i n t e r e s t e d  i n  your model based on t h e  
oxygen. What you say very simply i s  t h a t  the p rope r ty  of t h e  c o n t e c t  
depends very much on whether you have an oxygen-rich o r  an oxygen-poor 
s u r f a c e ,  i s  t h i s  co r -ec t ?  
LATHROP: T h a t ' s  my th ink ing ,  yea.  Except t h a t  -- 
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SCHWUTTKE: Now I would l i k e  t o  bring t o  your a t t en t ion  tha t  t h i s  m t x  F t be 
generally known and I would l i k e  t o  know your thinking how t h i s  would 
t i e  in. *.au have very l i t t l e  control  on what the oxygen concentration 
i s  i n  a wafer a f t e r  processing. Thi3  depends on, and t i e s  i n  readi ly  
with,  the o r ig ina l  oxygen content i n  your wafer. After one he@+. 
treatment, depending on the atmosphere -- be it oxygen, be i t  ni t rogen,  
or whatever -- you may have a surface which is  oxygci-i r i ch  or oxygen 
poor. Now t h i s  would lead t o  great  va r i e ty  i n  your contact formation. 
LATHROP: Except t ha t  i n  my sirnple-minded theory I feel  tha t  the mygen is 
coming from the metal, not from the s i l i c o n .  
SCHWUTl'KE: Yes, but you must have some kind of equilibrium, whether i t  is 
coming through the metal ,  through the  in t e r f ace ,  and depending on what 
the oxygen content is  i n  the s i l i c o n  a t  the in t e r f ace .  Don't you think 
SO? 
LATHROP: Yes. I would think so. Whet:.?r we have reached t h a t  er,uii ibrium o r  
not ,  I an not sure .  
SCHWUTTKE: This may vary consideraLly fro- wafer t o  wafer. A l l  t h a t  I am 
saying is  tha t  you have bas ica l ly  no cont ro l  a t  the present time, fo r  
the oxygen concentration is in  the surface of the wafer before you s t a r t  
put t ing down ycur meta l l iza t ion .  
LATHROP: That is co r rec t ,  yes. 
SCHWUTTKE: What would be now the in te rac t ion?  Nevertheless, 1 find your 
model very in t e re s t ing .  
LATHROP: I have a fee l ing  t h a t  it is not the oxygen i n  the s i l i c o n  t h a t  is 
the problem, i t  's the oxygen- 
SCHWUTTKE: I: it  is  the in t e r f ace ,  then both s ides  contr ibute .  
LATHROP: Well, except tha t  the oxygen has got t o  get  i n t o  the s i l i c o n  
dioxide,  the th in  e ' l i c o n  lioxide l aye r ,  there  and i f  you have a l o t  of 
oxygen on the metal s ide ,  which is  capable-- 
SCKmTTKE: Yes, but the s i l i c o n  dioxide layer formztinn w i l l  depend c,n the 
presence of oxygen in  the wafer. 
UTHROP: That oxi.dc has already been grown. 
SCHWUTTKE: Yes, but -- 
BICKLER: Would you imagine more than 10l6 oxygen in  the eAlicon? 
SCHWUTTK!?: Oh, def in i t e ly .  
BZCKLER: The chemical reac t ion  t o  give you f ree  bonds a t  thc inLeifacc tha t  
Jay (Lathrop) i s  descr ibing i s  going t o  be up i n  the chemical range, up 
t o  the 1020's,  so I submit t ha t  the background oxygen i n  the 
c rys t a l  is so s l i g h t  an influence t h a t  . . . . i l i c o n  
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SCHWUTTKE: That is an order of magnitude d i f fe rence ,  so-- 
BICKLER: Wore than one maenitude. 
WOLF: Yes, there w i l l  always be on the f ree  s i l i c o n  surface something l i k e  20 
or more Angstroms of oxide. It depends Ln the chemical treatment t ha t  
is being used i n  ge t t i ng  the metal there.  
may or not be removed, and what is the  s ta te  exact ly  of the  sur faces ,  
a re  probably r e a l l y  m,re important than the l 0 l 6  oxygen atoms i n  the 
bulk be low. 
How much of the oxide nay or 
CO#NENT: I think tha t  is a good point .  
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FIELD TEST EXPERIENCE 
R.W. Weaver 
California Institute of Technology 
Pasadena, California 91109 
Jet Pro pu 1 s ion Laboratory 
INTRODUCTION 
As a part of the Flat-Plate Solar Array Project (FSA), a field-test 
program was aeveloped to obtain solar photovoltaic (PV) module performance 
and endurance data. These data are used to identify the specific char- 
acteristics of module designs under various environmental conditions. The 
information obtained from field testing is useful to all participants in the 
National Photovoltaics Program, from the research planner to the life-cycle 
cost analyst. 
TEST SITES AND DATA PROCESSING 
The Field Test Program plan identified four Southern California test 
sites with characteristics ranging from oceanside to desert environments, 
including one with high urban pollution. Test facilities at these sites 
were constructed and modules were deployed in 1977. All of the modules 
deployed were first tested and inspected at the Jet Propulsion Laboratory 
(JPL!. The testing was done using the Large-Area Pulsed Solar Simulator 
(LAPSS) to obtain I - V  (current-voltage) data, at a reference irradiance 
level and module temperature, the results of which were used as baseline 
data whenever the module was returned to JPL for special testing. The pre- 
deployment inspection was a detailed visual examination of the modules, from 
which an original-condition report was generated. Subsequent inspection 
reports were compared with this report to discover and identity physical 
changes in the module. 
IF 1978 the FSA Field Test Activity assumed responsibility for 12 more 
test sites, which had been established originally by the National Aeronautics 
and Space Administration (NASA) Lewis Research Center as part of the NASA 
energy program. These sites were situated as far north as Alaska and as far 
south as the Canal Zone, and covered virtually all climatic conditions. The 
characteristics of these sites and those of the four JPL sites are shown in 
Figure 2. Lewis Research Center also furnished JPL with all of the data 
that had been acquired for the modules at the 12 sites. The resulting site 
network consisted of 15 remote (unattended! sites and ope at JPL. 
?Ai0 data acquisition systems were developed, one for the remote sites 
and one for the JPL site. The data system for the remote sites was a port- 
able battery-operated unit that rampled I - V  data and displayed the key para- 
meters (e.g., st :-circuit current, open-circuit voltage, peak power). 
After acquiring che data the unit stored it on an erasable storage medium, 
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which is readable on the JPL si te data  system. 
ca l ly  from the remote sites using t h i s  uni t .  
Data vere acquired periodi- 
The JPL s i t e  data sys tem was designed t o  sample module performance 
A I 1  of the data were stored on magnetic disks  for processing by 
l%is system could a l s o  
da i ly .  
minutes. 
scheduled programs or by special  programs on demand. 
process data from the remote sites. 
The system a lso  takes weather and i r radiance data  every f ive  
The endurance data were obtained per iodical ly  from a l l  of the s i t e s  by 
means of physical inspections by a JPL quality-assurance team. 
of these inspections were wr i t ten  up as de ta i led  descr ipt ions of the  physical 
s t a t e s  of the mdules .  
inspection reports  t o  ident i fy  changes i n  the d u l e s  occurring during the 
test period. 
The results 
lhese descr ipt ions were then compared with previous 
FAILURE PROCESSING 
The performance and endurance data were used t o  determine i f  a f a i l u r e  
analysis  of a wdu le  were warranted; i f  so, the  module w a s  removed from the  
f i e l d  and returned t o  JPL for fur ther  analysis.  The c r i t e r i o n  for  perform- 
ance f a i lu re  was f a i l u r e  t o  produce 75% or more power than i t  did when it w a s  
o r ig ina l ly  tes ted.  I f  the module's physical state had deter iorated t o  the 
point tha t  it had become hazardous, or when performanc5 f a i l u r e  w a s  imminent, 
the module was t o  considered t o  have fa i led .  Failed modules were returned 
t o  the JPL f a i lu re  analysis  team for  de ta i led  ana lys i s  t o  determine the type 
and cause of the fa i lure .  
Reports and were d is t r ibu ted  t o  a l l  concerned i n  the  PV program, including 
the module manufacturer. 
The r e su l t s  were published as  ProbledFai lure  
RESULTS 
In  the nearly f ive years of f i e l d  t e s t ing  Blocks I, I1 and 111 modules, 
almost 10% fa i led  the performance t e s t .  Many more experienced physical 
degradation tha t  did,  or would eventually,  r e s u l t  i n  an unserviceable module. 
The plot  i n  Figure 5 depicts  performance f a i lu re s  as a function - f  time i n  
the f i e ld .  The curves show tha t  for  the Flocks I and I1 modules f a i l u r e  
r a t e  increased over th2 l a s t  18 t o  24 months. This means tha t  m. modules 
(per module deployed) were f a i l i n g  a f t e r  the f i r s t  three years than before 
tha t  time. Ibis leads t o  the conclusion that  there  is de f in i t e ly  a time- 
versus-ciesign cor re la t ion  for f i e l d  fa i lures .  
The r e s u l t s  of the physical inspections a r e  shown i n  the chart  i n  
Figure 6 for the Blacks I and 11 modules (type r e f e r s  t o  manufacturer). 
defects  a t e  ranked by severi ty  for each si te and type. 
as  being more severe than any other i n  the char t .  However, when the petform- 
ance data a re  a l so  considered, the sites with hot-humid climates c l ea r ly  have 
more severe environments. 
'Ihe 
No s i t e  stands out 
Some r e su l t s  from non-JPL sites are  described in  Figure 7. The causes 
of f a i lu re  are basical ly  the same as  for  the  JPL tests; only the r a t e  of 
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failures is d i f f e ren t .  The notable exception is the number of burs t  c e l l s  
observed a t  the Mount Laguna s i te .  The u l t i m a t e  e f f e c t s  of the three  most 
prevalent defects  are  shown in  Figure 8 .  A l l  of these defec ts  would 
eventually require  tha t  the module be replaced. Figures 9 and 10 descr ibe 
several  of the prime reasons for  c e l l  f a i lu re .  
During the test period, changes i n  the c e l l  g r id  and co l l ec to r  mate- 
r i a l s  w r e  observed. The most comM)n w a s  the d isco lor ing ,  usual ly  a brown- 
ing, of the gr id  and co l lec tor  mater ia l .  
sembled and the discolored area w a s  analyzed. 
react ion with some res idua l  mater ia l  from the manufacturing process. 'Ihe 
"blossoming" e f f e c t  found a t  the ends of some g r id  l i n e s  is a t t r i b u t e d  t o  
the migration of the  s i l v e r  used in  the g r id  mater ia l .  This e f f e c t  w a s  seen 
only in  modules tha t  used s i l v e r  i n  the g r id  mater ia l  and tha t  were 
configured so t ha t  the end of a gr id  l i n e  was near another pa r t  of the 
e l e c t r i c a l  c i r c u i t  tha t  was a t  much d i f f e ren t  e l e c t r i c a l  po ten t ia l .  
Several of the modules were disas- 
The probable cause w a s  a 
The t e s t  results a l s o  indicated other  reasons for l o s s  of power or 
module degradation. Some of these are presen:ed i n  Figure 12. The most 
severe,  r e l a t i v e  t o  the lo s s  of power, is the amount of d i r t  t h a t  is  
deposited on the module surface.  Power losses  of as much as 12% were 
observed within a three-month period. 
loss  from so i l i ng  w a s  tha t  with a g l a s s  supers t ra te  on the module. 
The best  design for  preventing power 
2PL f i e l d  test  r e s u i t s  were campared with test and operat ional  r e s u l t s  
from other centers  i n  the PV program t o  determine i f  s imi la r  f a i l u r e s  were 
occurring elsewhere. The consensus as  t o  the pr inc ipa l  causes of e l e c t r i c a l  
f a i l u r e  was: (1) cracked c e l l s ,  (2 )  broken interconnects ,  ( 3 )  various types 
of shorts .  The pr inc ipa l  types of physical degradation were: (1) delamina- 
t ion  of encapsulants,  ( 2 )  discolora t ion  of encapsulants,  ( 3 )  irr ternal cor- 
rosion of interconnects and g r id  connectors, (4: externa l  connector corrosion. 
There bppears t o  be no co r re l a t ioc  between the physical appearance of the 
module, d i r t  deposi ts  excepted, and performance. The most severe environment 
i s  the hot-humid type .  
A representat ive sample of the andules t h a t  were used i n  t h i s  test  pro- 
gram have been relocated a t  the JPL Goldstone site. 
annually t o  determine what e f f e c t  fur ther  t i m e  i n  the f i e l d  may have on the 
modules. 
Data w i l l  be sampled 
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Figure 1. Objectives of Field-Test Activity 
To obtain in-field performance data for life-cycle endurance evaluation 
To determine degradation characteristics and failure modes as they 
Provide verification data to qua!ification testing 
Develop improved in-situ diagnostic testing methods and 
relate to module design characteristics 
analytical techniques 
Figure 2. Field-Testing Historb 
1977 Establish four sites in Southern California 
Automatic data acquisition system installed at the JPL site 
(Block I and II modules) 
1978 Acquired 12 more test sites from Lewis Research Center 
(Block I and II modules) 
Developed a portable Module I-V data acquisition system 
Initiated semiannual inspections of remote sites 
Block 111 modules deployed to sites 
Data analysis techniques developed and applied to all 1979 
data available 
1 98 1 Remote sites decommisioned 
Final data analysis for Blocks I, II, and 111 performed 
1982 Started Block IV deployment and testing 
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Figure 4. Test and Inspection Procedures 
Testing 
Modvles were "stressed" via fixed resistors 
Baseline I-V data acquired during installation 
Periodic I-V data taken 
Performance evaluated 
Inspection 
Visual inspection prior to shipping to &e 
Visilal inspection during installation 
Periodic inspections 
Physical change description reports 
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Figure 5. Blocks I, II and 111 Results 
Figure 6. Physical 1ns;ection 
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Figure 7. Results From Non-JPL Sites 
Mount Laguna, CA (July 1979 - July 1981 1 
Cracked cells: 1500 (950 "burst") 
Output: Down 55% 
Encapsulant: Delamination 
MIT/LL 
In-fmld. over 30 months: 6.5% failed 
Causes: Cracbd cells, broken interconnects and shorts 
Physical: Delamination, cracked glass 
Figure 8. Failure Effects 
TYPE EFFECTS -
Cracked cell Loss of power 
Hot-spot heating 
Loss of module 
Broken interconnect Loss of power 
Loss of module 
Short circuit Loss of power 
Loss of module 
Hazardous condition 
Figure 9. Causes of Cracked Cells 
Impact type 
Hail storms 
Rocks 
Other 
"Burst type" 
Outgassing of material between cell and substrate 
Moisture entrapment and subsequent heating 
Other causes 
Manufacturing defects 
Hot spotting 
Module twisting 
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Figure 10. Observed Changes in Grids and Collectors 
Discoloring 
Brown coloring - probably due to reaction with contaminants 
White streaking (GE) 77 
Separating from cell 
Manufacturing problem 
' 'Blossoming" 
Silver migrating to ends of grid that are at a high potential relative 
to  nearby cell or circuit component 
Figure 1 1. Other Reasons for Loss of Module Output 
Dirt 
2 to 12% loss 
Partially correctable via cleaning 
Glass is best self cleaner 
Discoloring of encapsulant 
Select proper materisl-glass 
Thermal related 
Cycling effects 
Expansion stress 
Match materials or compensate 
NSMD 
San Nicolas Island, Mines Peak, Pt. Vicente 
Hazards of field testing 
Figure 12. Conclusions 
Electrical degradation or failure is not necessarily a function 
Three primary known causes of failures were cracked cells, 
of physical appearance 
broken interconnects, and elec,trical shorts 
Most severe environment is hot and humid 
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DISCUSSION 
CAMPBELL: What percentage of Block I, I1 and 111 modules were glass 
superstrate? 
WEAVER: I can't give you a percentage but I think there were only two 
manufacturers that we tested during that period that used glass. 
LAVENDEL: You, in your failure analysis, mentioned discoloration deveral 
times. I s  this really a hazard or is it mostly cosmetic? 
WEAVER: I think it is mostly cosmetic. Like I said, we very seldom, if ever, 
could find an electrical performance degradation related to a 
discoloring of the system. 
LAVENDEL: Have you ever tried to define the composition of this discolored 
film? 
WEAVER: Yes, we did send it to our Failure Analysis group and I think they 
have found what other people have found, if they peel the encapsulant 
away. Brian (Gallagher), do you want to field that? 
GALLAGHER: I am going to give a short presentation this afternoon on metal 
degradation of a very specific encapsalant, and to answer your first 
question, you will see this afternoon that the first property that 
degrades that is visible is transmission at 400 nanometers: it sterts 
to turn yellow. To your question about whether it really degrades the 
modules or not -- if the yellow transmission at 400 nanometers degrades 
down to 10% of its original value, which looks like a lot, you only have 
from 5% to 10% degradation in the electrical properties of the nodule of 
the total integrated area from 400 nanometers to 1.1 micron. You would 
still only have 5% to 10% degradation. 
detail this afternoon. 
We will cover it a little more 
AMICK: You showed that Block 111 modules are much better from the standpoint 
of reliability than I or 11. Do you understand the reasons why the 
Block 111 modules have improved 80 dramatically? 
much the same. 
I and I1 look pretty 
WEAVER: Well, we would like to think it because we told them what was wrong 
Redundant interconnects came on very strongly in Block 
The redundant 
with I and XI. 
111, there were some in 11, but basically in Block 111. 
interconnects; a better understanding of stress relief in 
interconnects. Better encapsulation procedures, we think, c m e  into 
effect there. Glass, more glass. There was a Block 11 contractor that 
used glass that I don't think is still in the business of terrestrial 
PV; I think they are still in the space business, and some of their 
Block I1 modules are actually putting out more now than when we 
originally put them in the field. 
so expeneive there was no point in going on. 
That was a small cell. But they were 
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SCWUTTKE: On the subject of electrical migration: was this typical of all 
modules? At what distance from anode to cathode did it occur, and is it 
typical for all metallurgies -- that is, for all modules? 
WEAVER: I will defer that to either Ed (Royal) or Gordon (Man), because they 
understand that better than I do. 
ROYAL: Gordon (Mon) is going to talk about that this aiternoon. 
WEAVER: I can answer that to some extent -- no, we have not seen it in all of 
them. In the ones that we understand have silver, yes, we have seen it. 
PROVANCE: Have you observed any phenomena with this discoloration per 
location -- in other words was it more prominent in one location than in 
another? The reason I ask that is that sulfur tends t o  sulfide in areas 
of high sulfur concentration, so if it is in an industrialized area some 
of the discoloration, I would think, would be from the sulfiding. 
WEAVER: No, I don't think I could correlate that to an area. The site at JPL 
is the worst ur5an environment, pollution-wise, that we found. Mines 
Peak had almost none. Almost no discoloring at all. 
SCHWUTTKE: But you lost all of your modulcs there-- 
WEAVER: On the last inspection. 
PROVANCE: We have seen this quite prominently in other thick-film 
applications, in microelectronic circuits where silver or 
platinum-silver compositions will tend to discolor or sulfide very 
quickly in various areas of high concentration of industry. 
longer periods of time for the same discoloration to occur in very clean 
areas. 
But much 
WEAVER: The worst case I have seen of it was at Cape Canaveral at the Florida 
Solar Energy Center. Very predominant in those modules there. 
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FUNDAMENTALS 9F METAL-SEMICONDUCTOR CONTACTS 
D ie te r  K. Schroder 
Arizona State Univers i ty  
Tempe A2 85287 
The metal-semiconductor (m-s) contact i s  one of the o;dest semiconduc- 
t o r  devices 113, y e t  even today it i s  not  completely understood. Schottky 
121 o r i g i n a l l y  described the basic device, shown i n  Fig. 1. I t  i s  merely a 
metal i n  d i r e c t  physical contact  w i t h  a semiconductor w i t h  the b a r r i e r  
height determined by bulk metal mi seniconductor propert ies.  The f a c t  t h a t  
rea l  devices do not  behave i n  t h i s  simple manner (Fig.  Z ) ,  i s  a t t r i b u t e d  t o  
surface states a t  the semiconductor surface [3]. 
t h i s  comes about i s  shown i n  F igs .  3 and 4. 
The mechanism by which 
Bardeen [3] assumed tha t  there were i n t r i n s i c  surface states 
semiconductor surface p r i o r  t o  metal deposi t ion and tha t  these, if 
i n  a su f f i c ien t  d e w i t y ,  could p i n  the surface Fermi l eve l  t o  some 
making the b a r r i e r  height r e l a t i v e l y  independent o f  the metal work 
It has been shown [4] t h a t  f o r  many semiconductors, the b a r r i e r  he 
approximately 213 o f  the bandgap f o r  n-tqpe and 1/3 o f  the bandgap 
p-type mater ia l  s. 
t the 
present 
energy 
function. 
ght, i s  
for  
The nature o f  the surface states i s  not  wel l  understood. The termina- 
t i o n  o f  the bulk l a t t i c e  a t  the surface w i l l  introduce dangling bonds, the 
surface morphology being d i f f e r e n t  from tha t  i n  the bulk and various impu- 
r i t i e s  on the surface are some o f  the mechanisms g i v ing  r i s e  t o  surface 
states [5]. 
Recent work by Spicer [6] suggests tha t  i n  th:. metal deposi t ion process, 
defect  leve l5  a r e  created i n  the semiconductor. For a s u f f i c i e n t l y  high 
defect densi ty.  the surface Fermi l eve l  should be pinned t o  the defect 
energy leve l .  'his i s  shown i n  Fig.  5 f o r  GaAs. The loca t i on  of the Fermi 
leve l  coincides w i t h  the EL2 a n t i s i t e  defect  energy leve ls .  This defecL i s  
the r e s u l t  o f  an As atom occupying a Ga s i t e ,  and i t  has been suggested [ 7 ]  
t ha t  such a n t i s i t e  defects are created a t  the surface by the deposi t ion 
process. 
The deposi t ion of the metal a l t e r s  th;! nature o f  tnese surface stdtes.  
Because the exact d e t a i l s  of surface states and t h e i r  r o l e  i n  m-s 
contacts are not  wel l  understood, i t  i s  c lea r  tha t  "m-s engineering", i . e .  
designing the b a r r i e r  height t o  a spec i f i c  value, can i n  general not  be 
done. The c losest  t o  such a rea l i za t i on  are s i l i c i d e - q i l i c o n  contacts [2] 
i n  which the i n te r face  i s  located below the o r ig ina l  s i l i c o n  surface beca.,se 
s i l l c o n  i s  consumed i n  the s i l i c i d e  f o r r i t i o n  process. This a p p r ;  co 
reduce or el iminate surface s ta te  re la ted  e f fec ts .  The resu14 :ng near ly  
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l i nea r  propor t ional i ty  between barr ier  heights and work functions i s  shown 
i n  Fig. 2. For metals, however, it i s  v i r t u a l l y  impossible t o  make ohmic 
contacts of the "accumulationii type, although such contacts are preferred 
because o f  t h e i r  low ba r r i e r  heights. A good example i s  shown i n  Fig. 6 for 
Al/n-Si [9]. The Schottky argument would predict  a ba r r i e r  height of 0.2V. 
while i n  r e a l i t y  i t  i s  obseried t o  be 0.6-0.7V. 
This raises the question "how do we make good ohmic c o n t x t s ? "  The 
energy band diagrams o f  a m-s cmtac t  with increasing semiconductor doping 
and constant barr ier  he f j h t  are shown i n  Fig. 7. 
t r a t i o n  i s  increased, i t  becmiss progressively easicr f o r  electrons t o  
tunnel f rom the metal t o  the semiconductor and from the semiconductor t o  the 
metal, because tunnel l ing depends ch ie f l y  on the width o f  the barr ier .  
higher the tunnel l ing probabi1,ity the lower the contact r e s i s t i v i t y .  This 
i s  c lear ly  shown i n  Fig. 6. An addit ional factor  t ha t  helps t o  reduce the 
contact r e s i s t i v i t y  i s  ba r r i e r  lowering [!O], shown i n  F;g. 8. 
As the doping concen- 
The 
An ohmic contact i s  characterized by a contact resistance, related t o  
the contact r e s i s t i v i t y  i n  a complica?ed manner as a resu l t  of the current 
f l q w .  The f r o n t  contact o f  a solzrr c e l l  i s  as shown i n  Fig. 9. The current 
flows th-ough t l ie t h i n  P-surface layer i n t o  the contact causing current 
crowding a t  the edge c f  the contact. 
dif fused layer under L ' ~ ~  contact deca.ys exponentially w i th  a character ist ic 
transfer length, L, It depends 0'1 both the contact r e s i s t i v i t y ,  pC, 
and the sheet resistance, P,, and i s  a measure of that  par t  of the contact 
that  i s  act ive i n  the current f?cw from the d i f f u  .ed layer t o  the metal. 
Once the current i s  i n  the metal, i t  of course spreads out due t o  i t s  low 
r e s i s t i v i t y .  
To f i r s t  order, the voltage i n  the 
1 
The expression f o r  the contact resistance i s  given i n  Fig. 10. It 
incorporates both gemetrfcal  factors as well  as pC avd R, 112,133. F is  
i i d i ca tes  that f o r  typical  sheet resistances o f  30-100 ohms/square, typ ica l  
of solar ce l ls ,  LT can be very short. ohm-cm , i t  i s  only 
lop m, so that  evcn if the contact i s  1OOp m wide, only 1 0 ~  m around the 
edge part ic ipates i n  the transfer of current from tho ?i f fused layer t o  the 
metal. The normalized p l o t  of Fig. 12 shows the CG., c t  resistance mu l t i -  
p l i ed  by the length of tSe contact as a function 04 the contact width, L. 
I; c lear ly  Shws that when L exceeds LT, the contact resistance 
i s  constant and making the contact wider does not r e s u l t  i n  lower contact 
resistance. Widening the contact w i l l ,  howeve,., reduce the g r i d  l i n e  
resistance but w i l l  also increase shad iy  of the c e l l .  
sevies resistance o f  solar c e l l s  i s  the sum o f  several components, as shown 
i n  Fig. 13. Clearly s l l  o f  these must be optimized, but here we are only 
concsrned with the f ron t  and back contact resistance. A f i r s t  order calcu- 
1ati-c i n  Fig, 14 asslimes (i) the power loss due t o  series resistance i s  5% 
[14], and ( i i )  the contact resistance contributes 10% of the t o t a l  resis-  
tance, i.e. 0.5% o f  the power lcss. The ca1cL;ated contact r e s i s t i v i t i e s  
are i5-3 ohm-cm' 
1 
-4  2 For pc = 10 
What contact resistance values a r z  requirea f o r  solar ce l l s?  The 
2 c: 
. .. convent50na; one-sun applications and 10'' ohm-cm 
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f o r  concentrator 100-sun applications. The requirements for the back con- 
tacts are less severe because the contact area i s  equal t o  the c e l l  area. 
This i s  shown i n  Fig. 15. 
Experimentally determined contact r e s i s t i v i t i e s  f o r  S i  [ l5,  16, 171 and 
Values f o r  p-Si are less than those 
2 3 
GaAs [18] are shown i n  Figs. 16 and 17. 
for  n-Si, because the ba r r i e r  heights are lower. 
2 ohm-cm for n-Si are consistent w i th  typ ica l  solar c e l l  surface concentra- 
t ions of 1-2 x 7' crT3. Host of the data points i n  Fig. 16 are for A1 
contacts that  are well  sintered f o r  optimum resistance. Such low values may 
be a i f f i c u l t  t o  achieve w i th  plated and silk-screened contacts unless 
special at tent ion i s  paid t o  ensJre gcod, int imate contact between the metal 
and the semiconductor. Low contact resistance and high open c i r c u i t  voltage 
places two conf l ic t ing 12quirements on the dopinq concentration o f  the 
n-layer, as shown i n  Fig. 18. I n  practice, the "higher" requirement has 
usually been chosen. 
L imi t ing values of around 
The requiree values o f  10-5-10- ohm-cm are approached i n  both cases. 
The discussion so f a r  has deal t  wi th  a m-s coaltact that  i s  " ideal"  i n  
the sense tha t  there i s  uniform, int imate contact between the two, evev 
though surface states are present. 
using a heavily doped semiconductor. 
simple. i t  may look l i k e  tha t  i n  Fig. 19. Generally there i s  a layer of 
oxide o r  other contaminant between the two w i th  the r e s u l t  t ha t  the metal 
makes random contacts t o  the semiconductor and a l loys non-uniformly [19]. 
I n  addit ion penetration o f  metal i n t o  the di f fused layer causes spiking o r  
even penetration o f  layers o f  only 0.111 m thickness. 
bften shows a high degree of non-uniformity, generally along the periphery 
o f  the contact, which can be eliminated by adding a small amount o f  S i  o r  Cu 
t o  the A1 [19]. The contaminant layer may be o f  : i t t l e  signif icance i f  i t  
i s  su f f i c i en t l y  t h i n  that tunnel l ing can proceed freely. 
thick, then the contact resistance w i l l  increase sharply. 
The surface state problem i s  overcome by 
A "real"  contact, however, i s  not t h i s  
For example, A l / S i  
If i t  i s  too 
It i s  c lear that  wi th  proper surface preparation very low resistance 
For low-cost solar ce l ls ,  where cost-effective contacts can be achieved. 
contacting methcds l i k e  p la t i ng  and silk-screening are being pursued, care 
must be exercised t o  ensure the low resistance contacts required for the 
c e l l ' s  perfL. lliiince. This i s  especial ly t rue f o r  concentrator applications 
where the photocurrent increases and 121$ losses can become serious. 
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Figure 5. Spicer Model 
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Figure 6. Example: AI-n-Si 
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Figure 9. Contact Current Crowding 
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Figure 12. Contact Resistance, Contact Size 
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Figure 1 5. Back Contact 
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Figure 1 9. "Real" Metal-Semiconductor Contact 
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DISCUSS ION 
HOGAN: Would you colmPent on the process of annealing, and what might be 
happening considering gallium arsenide also? 
SCHRODER: I think you will see when you read papers and they plot contact 
resistance as a function of temperature treatment (annealing, for 
example) that things tend to get better most of the time. 
on? I don't know. Maybe there is an interdiffusion. There can be 
interdiffusion of metallic species at room temperature. 
found metallic impurities in the semiconductor by not heating it at all, 
so there is interdiffusion. People are doing a lot of work right now on 
silicides. 
goes on in the contact and I am not sure if anyone else really knows how 
much interdiffusion really takes place. Does it dope, does it not dope, 
etc.; we can play all sorts of games, as we heard earlier. If we 
implant donors or acceptors we can lover or raise the barrier height, 
and so on, but I think as a rule we don't really understand, not very 
well anyway. 
Now what goes 
People have 
I really don't know what the answer is. I don't know what 
NICOLET: Would you project the viewgraph with the contact resistivity 
I can give you an upgraded number for titanium nitride. values? 
SCHRODER: This was from a paper two years ago. 
NICOLET: We have done Ti-nitride on n as well as on p up about where you 
have hafnium nitride. 
the same for n and p. 
so. 
there is a shift in the value height that has to do with certain states, 
which goes away by annealing and that, we think, comes because we use RF 
sputtering. If we did that with clc it probably would be less. We have 
better numbers. It's still high on the rest of these things, but it is 
more where hafnium nitride is. 
About half way; it is 3 or 4 x 10-5 and it is 
That value is 2 after you anneal by 400° 01: 
If you don't have it before, it is worth noting that in n on p 
SCHRODER: But you don't really need these values for conventional solar 
cells. I think if you are here you are fine. 
NICOLET: Well, up to 30 times concentration of these values -- 
SCHRODER: Right, exactly. I think if you can do 
reproducibly, there is no problem. 
moving up to here that you are going to run into problems. 
I think it is only when you start 
QUESTION: Excuse me, is that using transmission line? 
NICOLET: This problem -- this will be published in Solid State Electronics -- 
the difficulty with making good measurements on these layers is that you 
have to include the sheet resistivity to the metal layer also. You have 
to take a double transmission li t model -- we can do that in the 
beginning, learn quite a lot from difficulties -- BO we got numbers that 
attributed voltage difference to the contact resistance while it was due 
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to the metal. So if you cover that with additional metal to get rid of 
this or you apply models that include the effect, you get the same 
result. This is why we are fairly confident that these numbers now are 
real, honest-to-God numbers for the measurements we have made. 
SCHRODER: The measurements are not trivial for these contact resistivities. 
There was a paper recently that dealt with polysilicon to silicon in 
which certainly the resistance of the poly becomes very important, and 
you ought to take that into account, just like you said for the metal, 
which we normally think of as infinitely conducting. It really isn't. 
WOLF: Since you essentially make the entire surface degenerate to make a 
good ohmic contact -- there was an old method used some decades ago, of 
mechanically damaging the surface heavily to make a good ohmic contwt. 
Is that a somewhat related method, to essentially make the surface 
degenerate too? 
SCHRODER: I thought about that a little bit and I think what is happening is 
you have created an enormous number of recombination centers. Normally 
an ohmic contact is a region of infinite recombinations. That is how we 
define it from a device viewpoint. So if you, in truth, introduce an 
enormous number of recombination centers by mechanically damaging the 
surface, I am not sure I would rely on the reliability of the ohmic 
contact. 
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SESSION XI : METALLIZATION SYSTEM DESIGN 
Dale R. Burger (Jet Propulsion Laboratory), Chairman 
(The following pages by D.R. Burger were not presented orally, but were handed 
out at the beginning of Session 11, and serve as an introduction to it). 
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GETTING THE CURRENT OUT 
Dale R. Burger 
Jet Propulsion Laboratory 
INTRODUCTION 
Progress of a photovoltaic (PV) device from a research concept to a 
competitive power-generation source requires an increasing concern with 
current ccllection. 
resistance, since a good ohmic contact is desirable for accurate device 
characterization measurements. As the device grows in size, sheet resistance 
losses become important and a metal grid is usually added to reduce the 
effective sheet resistance. Later, as size and conversion efficiency continue 
to increase, grid-line resistance and cell shadowing must be considered 
simultaneously, because grid-line resistance is inversely related to total 
grid-line area and cell shadowing is directly related. 
often require bus bars to handle the generated current efficiently. 
The initial metallization focus is usually on contact 
Finally, large devices 
A PV cell grid design must consider the five power-loss phenomena mentioned 
above: sheet resistance, contact resistance, grid resistance, bi:s-bar 
resistance and cell shadowing. 
generation adds processing and material cost considerations to the above 
purely physical concerns. 
therefore balance these factors along with other factors such as reliability, 
materials and end use. 
The requirement for competitive power 
The design of PV cell metallization systems must 
BACKGROUND 
Although cost, reliability and usage are important factors in deciding upon 
the best metallization system, this paper will f o x s  only upon grid-line 
design and substrate material problems for flat-plate solar arrays. 
Extensive literature is available on analyzing power losses associated with 
the grid patterns on rectanzular PV cells (References 1 through 3 ) .  
been only one computer program released (Reference 8) and one paper presented 
(Reference 9 )  that focused on optimal (minimum power loss) grid-patrern 
designs for round or rectangular cells with more than two design variables. 
There has 
The computer program (Reference 81, CELCAL (see Appendix A ) ,  is a FORTRAN 
program that treats all inputs as variables and calculates a point solution 
for each input data set. Optimization must be done manually by iteration. 
Calculation of the sheet-resistance power loss ir by sectional integration 
(Reference 10). 
difficult solution of Poisson's equation for the potential as a function of 
position (Reference 3 ) .  
Another attribute of the CELCAL program is the ability to handle up to three 
bus bare, ghich may be either coplanar or multilevel*. 
This method is an approximation to the more exact but 
The error introduced by tkis approximation is small. 
*J.R. Davis, Westinghouse R6D Center, private communication. 
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Daniel, Burger and Stone (Reference 9) (Appendix B) use nonlinear optimization, 
a modified iiewton-Paphson method, for interactive computer optimization. This 
program is written in APL and is presently available only at the Jet Propulsion 
Laboratory (JPL). 
submitted to the NASA Computer Software Management and Information Center 
(COSMIC) data bank. 
however, it provides a more precise calculation of rounc-cell power losses and 
has sensitivity analysia capabilities. 
When documentation is completed, this APL program will be 
This program also uses a sectional integration approach; 
Considerable analytical effort has been expanded in the dew1 3pment of PV-cell 
grid lines. 
silicon cells, based on wafers cut from Czochralski-grown ingots. 
costs have resulted in the development of numerous competitive PV devices. 
Using these devices for power production wi! 
These efforts have largely been focused upon single-crystal 
High wafer 
poae some interesting problems. 
NEW CHALLENGES 
At least three new PV materials are being investigated for power production: 
amorphnus silicon, galliurd arsenide and copper indium diselenide, Amorphous 
silicon (a-si) ha3 been introduced to the world in solar-powered calculators 
and wrist watches. 
a-Si cel's for the consumer-product market. 
to 3% efficient, Some small research a-Si cells have shown 10% conversion 
efficiency, but larger devices are usually only 5% to 6% efficient. 
the problem with a-Si is its very high sheet resistivity. 
conductive coating (TCC) is required to lower the sheet resistance, adding 
another element to the metallization design problem. 
contact resistance problem with a-Si. 
thermal sensit.ivity. 
temperatures exceeding the allowable a-Si range. 
Japan now manuf-ctures at least two megawatts per year of 
These cells are typically only If 
Part of 
A transparent 
Some TCCe have shown a 
An additional problem with a-Si is Its 
Many metallization systems use a sintering process with 
Gallium arsenide (GaAs) has a very high optrating temperature range and a 
reasonable sheet resistivit-?. Why, then, is there a problem? Compound 
semiconductors contain, by icfinition, more than one elemental component and 
thus present a grLater rant: of possibilities for inter diffusion, reaction and 
compound fwmation. In particJlar, GaAs is now attractive only as a power 
generator b.e to its high service temperature, which permits its use in PV 
concentrator cells. These cells combine high current densitities with high 
temperatures and thereby impose severe conditions on tho, metallization system. 
A more recent power system contender it? copper indium diselenide. 
metallization systems for this material are being investigated. 
Appropriate 
Other materials, such a8 cadmium telluride and zinc phosphide, are possible 
future con tenders. 
The field of metallization systems design for photovoltaic application will 
remain very active for at least the next decade as the world gradually converts 
to renewable energy sources. 
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i,73 A Direct Measurement of Interfacial 
Con tact Resistance 
S J PRWTOR. %It w t R .  i t t  i . L H.' LINHOLM. wtswta. i t t  I 
INTRODUCTION 
S THE critical feature size of semiconductor devices de- A < reases, the physical size of the metal-semiconductor 
contact regions also decreases causing an increase in the 
resistance encountered as current passes between the metal 
and semiconductor. Problems are also encountered with the 
metallurpes and processes needed t o  produce reliable, low 
resistance contacts to  regions with shallow junctions 11  -5 J . 
Because of these factors. the quality of the metal-semicon- 
ductor contacts will have an increased influence on the per-  
formance and reliability of integrated circuits. 
This paper describes a planar test structure and test 
method for the direct measurement of interfacial contact 
resistance while minimizing interferences from parasitic 
resistances. A relationship is derived betweei! the specific 
contact resistance and the measured interfacial contact re- 
sistance, and a test methodology is presented which allows 
for an estimate of the interfacial layer unifoimity which 
has been ignored in  previous work. 
The electrical nature of the contact region is usually de- 
scribed in terms of contact resistance and specific contact 
resistance. Interfacial contact resistance is used in this paper 
to refer to the resistance associated with the metal-semi- 
conductor interfacial layer formed during the sintering proc- 
ess and Listrnguish it from the term contact resistance as 
defined by Serger 161. Interfz-ial contact resistance (ohms) 
is defined as the total resistance of the metal-semiconductor 
interfacial layer encountered as current is forced Crom one 
layer t o  the other. Specific contact resistance (ohms-cm' ) 
is defined as the resistance of a unit area of the metal-stmi- 
conductor interfacial layer and is expressed as the ratio of 
the voltage drop across the interfacial layer to  the current 
d:nsity through the interfacial layer (7-91. Specific contact 
resistance can only he estimated for a uniform interfacial 
layer. 
For planar contacts, (MOSFET source and drain contacts), 
Manuscript received June  28. 1982. rcbiscd Ju ly  30. 1982. 
The authors arc wi th  the Scmiconducior Devices and Circuits Dirt- 
sion. National Bureau of Standards, Uashington. DC 20234 
a number of methods have been developed for the measure- 
ment of contact resistance and the subsequent determination 
of specific contact resistance 18-1 21. The transmission line 
model (TLM) of the metal-semiconductor contact introduced 
by Shockley [IO] and further refined by k r g e r  ( 1 1 1  is a 
common method for determiniq specific contact resistance. 
Murrmann and Widmann 1 131 and Bergr [ I  I ]  developed a 
test structure t o  determine the "front" and "end" contact 
resistance as defined by the TLM. A disadvantage of this 
approach is that the total resistance x n x d  consists not only 
of the resistance of  the interfacial layer but also the resistance 
of the diffused layer between the contacts. the resistance of 
the diffused layer and the metal layer at the contact window. 
and the resistance ot' parasit:: elements assoicatrd with the 
geometry of  the structure. 
A FOUR -TFRMINAL CONTA(.T RE-SISTAP.,~ 
TEST STH~!CTC!HF 
The four-terminal test structure shown in Fig. I allows a 
direct Kelvin measurement o f  interfacial contact resistance. 
The Structure is similar t o  that used by Anderson and Heith 
[ 141 aild DeVries, Lee, and Watelski [ I  SI. The measurement 
consists of  forcing a known current from probe pad I to probe 
pad 3. Voltage is measured hetwten probe pads 2 and 4 via 
the voltage taps, which are orthogonal to the direction of 
latersl ciirrent flow through the contact. This test structure 
allows lor an improved measurenient of the resistance of the 
interfacial layer by reducing the effects o f  parasitic resistances 
on the measurement. As the measurement is a Kelvin resist- 
ance measurement. the probe-to-probe pad resistance is not 
sensed and neither is the resistance (or voltage drop) in the 
current m d  voltage taps up to the contact region. By design- 
ing the diffusion taps t o  be of equal width t o  the contact 
window width. the parasitic resistance associated with current- 
pinching as current passes from the current tap into the con- 
tact is minimized 191. Because the voltage taps are orthogonal 
t o  the direction of the lateral current now through the con- 
tact, only the average voltage drop across the interfacial layer 
is sensed. A two-dimensional model of the four-terminal test 
structure is shown in Fig. 2 .  The model consists of N stages 
of metal resistors R,v. diffusion resistors RD. and interfacial 
resistors R,. For this model N = d/Ax where d is the contact 
window length and Ax represents the incremental length 
of  each of the N stages. In addition, the voltage taps are in- 
cluded in the model and are represented by R M ~  and RDr, 
for the metal and diffusion taps, respectively. This mod4 
is analogous to the transmission line model with a nonzero 
metal layer resistance. The voltage difference, V2 - VI, 
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Fe. 1. Cour-trrmmal contact rmstancc test StNCtUrC. 
Fg 2. Resistor netuork modei of the four-tcrmma! test siruciure 
hetween the diffusion and metal vdtage taps divided by the 
forced current, I .  represcnts the measured interfacial contact 
resistance. The resistance components, R.,,. RD. and R I .  
which represent their respective conductive layers, can he 
expressed as: 
where pc IS the specific contact resistance. IC' is the width of 
the contact window. Rsh, and R,,  are the sheet resistances 
of the metal and diffusion layers in +he confd;t region, re- 
spectively, and Ax represents the incremental length of each 
of the A' stages 
This model can be used to  determine a relationship between 
the measured interfacial contact resistance R, and the specific 
colitact resistance pc for a homogeneous metal-semiconductor 
interfacial layer. Since no current passes out of the voltage 
taps 
(4) 
where $,+, - VI and 
jth metal tap resistor and diffusion tap resistor, respectively. 
- V 2  are the voltages across the 
The actual voltage difference between the two voltage 
taps is 
Also, since all the current entering the structure must pass 
through ihe contact, 
and thus 
where R j  is the measured interfacial contact resistance. 
Equation 7 shows that R i  is dependent only on the re- 
sistance of the interfacd layer. T ~ I S  represents a different 
approach t o  the measurement of the resistance associated 
with a metal-semiconductor contact than that of  contact 
resistance as defined by Berger. The resistances due t o  the 
diffusion layer beneath the contact and the metd  layer above 
the contact, as well as the resistances of the voltage taps, are 
not sensed in the measurement. These results indicate that the 
four-terminal test structure can be used t o  mzke a direct 
measure of the interfacial contact resistance. n e  specific 
contact resistance. pc. can be calculated from the measured 
interfacial contact resistance, R j .  and the design contact 
window arer. 
RESULTS A N D  DISCUSSION 
Measurements were made on test chips consisting of the 
test structure in Fig. 1 replicated with several geometric 
variations. The test chips were fabricated in a three-mask 
process. The n* phosphorus diffusion resulted in a measured 
sheet resistance of 6.0 ohms/=. as measured by a cross-bridge 
sheet resistor test structure [ 161 (also included on the test 
chip), and a measured junction depth of 3.5 pm, as measured 
by a groove and stain technique. The diffusion step consisted 
of a phosphorus predeposition at 960°C for 60 min followed 
by 3 deglazing step and a 75 min drive-in (M2-55 min, 02- 
1 1  min. Nl-9 min) at 1IOO"C. The doping profile for the 
samples haw kccr. .,,sumed t o  be gaussiar with a resultant 
surface concentration of 8.5 X I O i 9  ~ m - ~ .  The wafers were 
subjected to  3 5 sec 10% HF etch immediately prior to  m e t d  
lization to  ensure a clean contact surface. Two types of metal- 
liration were used in the experiment. One consisted of a 98.57 
, \ I  / I  3% Si mixture and the other, 100% A I .  All wafers were 
sintered at 425°C for 20 min in 107 forming gas. 
Test results with AliSi metallization are plotted in Fig. 3. 
Al/Si  metallization was used t o  prevent junction penetration 
or spiking during high-temperature processing and t o  give i 
more uniform interfacial layer [ I ? ]  . Figure 3 shows measured 
interfacial contact resistance vs. contact window area for 
square contact windows with design dimensions ranplng from 
2.5 pm to 20 pm on a side. A least squares fit of the data 
shows a linear relation between the measured interfacial con- 
tact resistance and contact window area as expected. 
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The sptxific contact resistance was calculated as 3.2 X 
10 ' o h - i i i i '  f o r  these uiiiples. Thi6 result is in  close agree- 
iiieii: uith that iiiessdred by S a y i h  and Hahbs [ I S 1  '-or the 
sailis sur ixe  c'onientration and smiilar sintering cunditions. 
Visual inspection ot the ;ontact area on devices with the 
meialliraticin renioved contirnier! that tlie iiitdacial region 
cciritained no observsble nonunifirriiitics. 
Siiiiilar tcst results t roi i i  wiiiples with 100'- A i  i re ta l l ia-  
t i t m  are ilsu sec'n i n  Fig. 3 .  An obvious nonlinear reirtioii 
hsruern the measured mtzrtacral contact resistance and con- 
tact uindow area is observed. Visual inspection of the con- 
tact arc3 on t!iese devices with the inetal1irati:m rrnioved 
siiowc; a high degree iif nonuniformity siriiilar in ~ppearance 
t o  thi t  reported by hld'artliy 1191. The nonuniformities were 
p e r a l l )  lound along the per:phery of the contact window 
and ,re generail)- attributed 1t1  rlic dissolution of silicon into 
the aluminum during the sintering process and subsequent 
recr, stallization nt the siiicon ai  the A1 /Si interface upon 
cooling 1 I 1 .  
Test results from a single test structure cannot be used to  
estimate :lie speciiic contact resistance of the interfacial 
layer unless i t  has been determined that the layer i s  komo- 
geneous. By measuring several test structures with each having 
Jifierent contact window area. the d q r e e  of homogeneity 
cart he estimared b) determining if a linear rela*;w exists 
netween the measured interfacial contact resistance and the 
contact area. When the intei!-icial layer is nonuniform, an 
accurate estimdtc of specific contact resistance car.fiilt be 
niaje. Far this case. the interracial contact resistance for each 
contact geometry is the only parameter that can be measured. 
CONCLUSION 
A direct measurement of interfacial contact resistance using 
a four-terminal test structure results in an improved measure. 
nient by niiiiimizing measurement interferences. A simple 
model relates the nieasured interfachl contact resistance to 
tire specific contact resistance for structures with a homo- 
geneous intertacial layer. Tes: results from test structures 
wI!h diffeieiit contact window areas sllaw for an estimate 
of the met;ll-seinicoirductcrr interfacial layer unifu. l i ly .  
Portions of tliis work were supported by the Defense Ad- 
vanced Research Projects Agency (ARPA Order No. 38E2 ). 
101 
A MICROELECTRONIC TEST STRUCTURE FOR INTERFACIAL 
CONTACT RESISTANCE MEASUREMENT 
NATIONAL BUREAU OF STANDARDS 
L.W. Linholm 
J.A. Mazer 
S.J. Proctor 
Outline 
Introduction 
Metal-Semiconductor Contact Models 
Test Structure and Test Method 
Test Results 
Measurement Inter’ferences 
0 bjective 
To develop a microelectronic test 
structure and test method for: 
Making a direct measurement of interfacial 
contact resistance 
Estimating the uniformity of the metal- 
semiconductor interfacial layer 
0 Mimating specific contact resistance 
Minimizing measurement interferences 
ORIGINAL PACE fs 
OF POOR QUALITY 
Cross Section of Contact Window 
Metal 
Oxide 
Interfacial Layer 
p Substrate 
Transmission-I-ine Mode! 
metal 
oxide 
I 
pc - specific contact resistance 
R s  - sheet resistance of diffusion level 
w -  width of contact window 
d - length of contact window 
104 
ORIGINAL PAeE 59 
OF POOR QUALITY 
Two-Dimensional Transmission-Line Model for the Interfacial 
Contact Resistance Test Structure 
X=d 
. N  
105 
ORIGlNAL PAGE iBr 
OF POOR QUALIW 
Four-Terminal Kelvin Test Structure for Determining 
Interfacial Contact Resistance 
3 Diffusion level 
0 Contact Level 
[--; Metal Level 
1 r - - -  - - - - - 7  - - - - - - - - 
I 
I I 
I 1 I 4 I I 
tirnnucu ritn ur w n i H t , i  I I I I I U U I I  
[.;-j!RENL!!G~ 
i r--- ! 
I 
' L -BACK EDGE 
I 
I 
106 
ORISii';,?t FAt?T 53 
OF POOR QUGLl'W 
Rc Vs A for Rectangular Windows 
RECTANGULAR CONTACT WINDOWS 
0.1 I I I I I l l , ,  I I 1 , I I l l  
10 100 1000 
CONTACT WINDOW AREA Ipm* ]  
107 
ORlGlNAL PAGE 19 
OF POOR QUALITY 
Six-Terminal Kelvin Test Structure for Determining 
Interfacial, End, and Front Contact Resistance 
0 Diffusion Level 
:_j Metal Level 
0 Contact Level 
r - i  
108 
Rectangular Contact Windows 
100 
I- u 
U c z 
0 
* 1.0 
0.1 
10 100 1000 
CONTACT WINDOW AREA [pm2] 
109 
CURRENT TAP 
VOLTAGE TAP 
CONTACT WINDOW 
ORlGlNAL PAGE 19 
OF POOR QUALITY 
HDIFFUSION LEVEL 
- 
A I 1 I I I I I 
a 
0 2.0 
k - I 
0 
k L  
W 
=> 
-I 
U 
W 
8 1.5 
a 
u 1.0 
3 
c 
0 
W = 
a 
4 -. F- 
4- 
c) 
-/- 
Ttue I s .  RN? - - - 
- 4 -  Rc_'!L - - RP= - 
/- 
L 
4 
/--  
/- -1 I I I I I 1 I 
200 400 600 800 0 
NORMAL PARASITIC AREA ANP (pm*) 
110 
DISCUSSION 
SCHRODER: I am recer r ing  t o  the s l i d e  t h a t  shows the f ron t  and the back-- 
LINHOLM: The t e s t  r e s u l t s ?  
SCHRODER: I f  you have a contact res i s tance  -- i t ' s  the top curve,  i f  someone 
wants a aumber, what would you give them? 
LINHOLM: I would ask them f i r s t  what they need, because a l o t  of people do 
not d i f f e r e n t i a t e  between these quant i t ies .  
people are in te res ted  i n ,  the c i r c u i t  designers,  i s  the front  contact 
res is tance.  That 's the load they have t o  drive.  ?robably the  
res i s tance  tha t  most of the processing people are worried about i s  
i n t e r f a c i a l  contact res i s tance .  That t e l l s  them more about how the 
process i s  doing. 
is  the contact  end res i s tance .  They r e a l l y  c a n ' t  use end r e s i s t ance .  I 
know many cases where tha t  i s  the res i s tance  they a re  measuring - but 
rhey don't know tha t .  
The quant i ty  t h a t  most 
Probably the one measurement tha t  people don ' t  wal.- 
SCHRODER: How does t h i s  measurement compare t o  the transmission l i n e ,  for  
example, or other  methods tha t  people use? 
LINHOLM: We have looked a t  s t ruc tures  -- w e l l ,  the Structure  reported by 
Berger i n  h i s  paper. It was a six-terminal s t ruc tu re  with contacts  
separated by two d i f f e ren t  res i s tance  lengths.  We get  general  
agreement, but we  get  agreement within a very large margin of e r r a r s  
t ha t  we assoc ia te  with tha t  s t ruc tu re  i n  terms of accounting €or what 
the  ac tua l  d i f fus ion  res i s tance  is .  Also, t o  some exten t ,  the e f f e c t s  
of the current  crowding as  you go i n t o  t h a t  s t ruc tu re .  That s t ruc tu re  
does not allow you t o  make a d i r e c t  measurement of i n i e r f a c i a l  contact 
res i s tance ,  
measurements you get .  
lengths -.ssociated with the d i f fus ions  on tha t  s t r u c t u r e ,  f a i r l y  
accurately before you can do tha t .  
s t ruc tu re ,  i s  one of the numbers you ge t  -- the sheet res i s tance  -- from 
the measurement. We have a t e s t  s t ruc tu re  tha t  we have a high degree of 
confidence i n  for measuring sheet res i s tance .  When we don ' t  get  exact ly  
the same number, t ha t  makes t h i s  a l i t t l e  suspect.  
It a l l cds  you t o  ca l cu la t e  tha t  based on the other  
But you r e a l l y  have t o  know the design, the 
What t roubles  us 'the most with t h a t  
NICOLET: We have done tha t  and we g e t  the same number. I f  you measure the 
end res i s tance  you can find out an addi t ional  independent va r i ab le ,  
namely, the sheet res i s tance  under the contract .  
LINDHOLM: Yes. That is  a very good point .  There i s  a d i f fe rence  between the 
One can use Bergar's method t o  es t imate  what 
sheet res i s tance  measured elsewhere and the sheet res i s tance  measured 
exact ly  under the contact .  
tha t  value is .  
LAVENDEI.: In one of your contact systems tha t  you have discussed, you had, i f  
I remember co r rec t ly ,  platinum-titanium-tungsten-aluminum. 
tungsten's metal lurgical  r o l e  i n  tha t  system? 
What i s  the  
111 
LINHOLM: These a r e  very preliminary r e s u l t s  w e  a r e  g e t t i n g  from American 
Microsystems; w e  have a col laborat ive e f f o r t .  
metallurgy they a re  using and I believe tha t  the Ti-tungsten tha t  they 
a re  placing there  is to ac t  as a b a r r i e r  fo r  s i l i c o n  t h a t  may be coming 
from the 
tha t  with the aluminum meta l l iza t ion ,  which i s  the pr ime metal used fo r  
interconnects.  
This represents  a 
i l i c o n  or platinum s i l i c i d e  under the region, t o  in t e r f ace  
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DIFFUSIOB BAEIRIERS 
Ibrc-A. Y i w l e t  
California Institute of Technology 
Pasadena, California 91125 
The choice of t h e  meta l l ic  f i l m  f o r  t h e  contact t o  a semiconductor 
device i s  usual ly  predicated by considerat isns  of  economics, know-how, or 
precedence. 
forming a couple with t h e  semiconductor. 
contact i-s by interposixg a th fn  f i l m  of a material that, has low d i f f u s i v i t y  
f o r  t h e  atoms i n  question. The so lu t ion  is a t t r a c t i v e  because it i s  
apparently simple and m i v e r s a l .  
The t y p i c a l  case is  t h a t  t h e  des i red  m e t a l  is uns tab le  when 
One way t o  t r y  t o  s t a b i l i z e  a 
The difficulty i s  t h a t  t h e  notion of a d i f fus ion  barrier i s  derived 
from bulk ccnsiderations.  
d i fn is ion  decreases with t h e  square of t h e  l aye r  thickness.  
t h e  relevant  d i f f u s i v i t y  i n  t h i n  f i lms is t y p i c a l l y  determined not by 
hulk d i f f u i o n ,  bl+, by diffusiox? along extended defec ts ,  which can be many 
orders of magnitude faster than bulk d i f fus ion  at t h e  temperatures encoun- 
t e r ed  i n  device processing and operation. n e  defec ts  i n  a f i l m  are 
s t rongly dependent on t h e  method of deposi t ion used and on t h e  conditions 
prevai l ing during deposit ion.  For d i f fus ton  barrier appl icat ioi ts ,  t h e  
fabr ica t ion  Frccedure i s  therefore  as important as t h e  choice o f  t h e  
msterisl. This c ruc ia l  point i s  o f t en  overlooked. 
The t i m e  required t o  pene t ra te  a l aye r  by 
I n  addi t ion ,  
Cy t h e i r  s t ruc tu re ,  thin-fi lm difft ision b a r r i e r s  can be c l a s s i f i e d  i n  
s ing le-crys ta l l ine ,  po lycrys ta l l ine ,  and m r p h o u s .  Single-crystal l ine 
layers  are unprac t ica l ,  leaving only polycrys ta l l ine  and amorphous l aye r s  
as va l id  options. By t h e i r  composition, thin-f i lm d i f fus ion  b a r r i e r s  can 
be sub-dividec? i n t o  elemental and compound mater ia ls .  For e l e c t r i c a l  
contacts ,  only meta l l ic  media apply. Of these ,  most elemental metal f i lms 
must be ruled out ,  because soluable  metals dissolve,  insoluable  poly- 
c r y s t a l l i n e  metals contain fast diffusior ,  paths ,  and amorphous metals are not 
stable at  room temperature. Metal l ic  compound and a l loys ,  po lyc rys t s l l i ne  
o r  amorphous i n  s t ruc tu re ,  thus  cons t i t u t e  t h e  favored range of materials 
f o r  e l e c t r i c a l l y  conducting thin-film di f fus ion  ba r r i e r s .  
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Three types of ba r r i e r s  can be distinguished. The s tuf fed  b a r r i e r  
derives i ts  lov atomic d i f fus iv i ty  t o  impurit ies t ha t  concentrate along t h e  
extended defects  of a polycrystal l ine layer.  
metall izatfon systems are based on t h a t  concept. S a c r i f i c i a l  barriers 
exploi t  t h e  f a c t  that  some ( d e n t a l )  t h i n  films react i n  a laterally 
uniform and reproducible fashion. 
on both s ides ,  and when these react ions proceeO m o r e  rapidly than t h e  
d i f f t s i o n  through the film, an effective sepzsation is accomplished as long 
as t h e  film is not ful!.y consumed i n  t h e  reactions.  
have the advantage t h a t  t h e  point OP the i r  failure is predictable.  
successful s a e r i f i c a l  barriers are described i n  the literature, and a feu 
new ones are under study at Caltech. Passive barriers are those most 
closely appoximating an i dea l  berrier. 
sputtered TiN films. 
i n  s p i t e  3f being fine-grained polycrystall ine.  
of TiN are largely independent of the sput ter ing nmle used f o r  its 
Ceposition, which suggest tha t  it is t he  very high m e l t i n g  point of T i l  
,% 2400’C) t h a t  is  t h e  ultimate reason f o r  i t s  success, and not the presence 
of undetected impurities. T5N is an i n t e r s t i t i a l  a l loy,  of  which there is a 
f a i r l y  large number; 
w e l l  as t h i n - f i l m  diffusion barriers. 
A number of very successful 
When a t h i n  film reacts i n  tha t  fashion 
S a c r i f i c i a l  barriers 
Several 
The most-studied case is tha t  of  
The material has very lcv d i f f u s i v i t y  for many metals, 
The good k ine t i c  properties 
a . few others  of these have also been shown t c  vork 
Stuffed barriers may be viewed as passive ba r r i e r s  whose low d i f fus iv i ty  
material extends along the  defects  of the polycrystal l ine host. 
holds fo r  ba r r i e r s  t ha t  form by a local ized segregation of purposely intro-  
duced impcrit ies (e.g. by ion imp]-antation). 
barrier synthesis have been demofistrated with t h i s  approach. 
metal l ic  films o f fe r  =other i n t e re s t ing  way t o  obtain low d i f fus iv i ty  films. 
All amorphous diffusion barriers tested so far have been obtaineC by 
sputter-depositicn. Both s a c r i f i c i a l  and passive b a r r i e r s  can be conceived 
w i t h  amorphous films. 
t he  inclusion of an amorphous compound layer  i n  a metal l izat ion system does 
not by itself suf f ice  t o  ensure s t a b i l i t y ,  as examples show. 
The same 
New p o s s i b i l i t i e s  of diffusion 
Amorphous 
Results obtained t o  date  are quite encouraging, but 
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stuffed Barrier 
sacrificial Barrier 
Passive Barrier 
COHPOUNDS, AMORPHOUS 
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problematic 
fail 
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ORlCINAL PAGE $3 
OF POOR QUALlW 
Stuffed Barrier 
PURE BARRIER FAILS 
IHPURE (STUFFED) BARRIER HOLDS 
EXAHPLES 
<SI > / T I  -W/AU/ 
<S I >/ /AL+AL~O~/AL/  
J.E.BAKER ET AL.,THIN SOLID FIL~s,!W~WFJ 
W.K.CHU El AL. ,U.S.PATENT 4,206,472(JUNE 1% 
<St >//CR+CR OXJDES/AL/ H.M.DAuL ET AL.,U.S.PATENT 4 , 2 1 4 , 2 5 6 U u ~ v ' f  
<St >/nA+TA203/AL/ 
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ORIGINAL PAGE ‘ _  
OF POOR QUALITY 
U.S. Patent id. 22.1980 Sheet I of 4 4,214,256 
H. M. DALAL, M. GHAFGHAICHI, L. A .  KASPRZAK, AND H. WIMPFHEIMER, 
I BM 
s 2  i 1 
FIG. 1C 
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FIG. 1 
AC ewp i I ~ ~ T  - ip 1 
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ORIGINAL PAGE i5! 
OF POOR QUALITY 
Sacrificial Barrier 
T 
4 HOLDS 
t 
T 
4 F A I L S  
OR HOLDS 
t 
CONDITIONS ON REACTION OF x W l T H  A AND B: 
- LATERALLY UNIFORM 
- REPRODUCIBLE AND CHARACTERIZED 
- FASTER THAN DIFFUSION THROUGH A, x, B 
<SI > / P D 2 S I / T I / A L /  
G.SALOMONSON E T  AL. tPHYSlCA S C R I P T A , a ( l 9 8 1 ) 4 0 1 .  <SI > / P T S I  /Tl/AL/ 
M,~ARTUR, (TO BE PUBLISHED) <SI >/N ISI /CR/AL; 
<SI >/PTS I /CR/AL/ 
REMARKS:  .STUDIES TESTING BOTH METALLURGICAL AND ELECTRICAL S T A B I L I T Y ,  
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U.S. Patent May. 4. IC0 4,201,990 
J. K. HcuARD. F.  E. TURENE. AND J. F .  Y ~ l l t ,  I.B.M. 
FIG. 1 
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t c-i 
EXAMPLES. 
sIwwbmm AN ALTERNATE VIEW OF THEM 
lNTERSTlT1 AL COMPOUNDS C,W.NELSON (1969)  
T I  / T I  N/PT/ f I R e  FOURN~ER~~J.  s a  PATENT 3,879,746(1975) 
W.J.GARCEAU 8 G.K,HERB,THIN SOLID FILMS, 
53.(1973 1193. 
< S  t > /TrN/T I /AG/ N,  -:IEUNG ET AL., J ,AWL, P H Y S . ~ ( 1 9 8 1 ) 4 2 9 7 .  
<SI >/NISI /T I N/AL/ 
<SI >/PD2SI /TtN/AL/ M.FINETTI ET AL. (TO BE PUBLISHED). 
<G~s~/GE-Au-PT/TIN/TI -PT-Au/  R.D.REMBA ET AL. (UNPUBLISHED), 
 PLANTED IMPURITY 
<SI>/NI :0/ D.S,SCOTT, J.VAC.SCI .TECHNOL.u(1981)786. 
< S t  >/NI :N/ T,BANWFLL ET AL. (TO BE PUBLISHED). 
R E K M K S :  gSTUDIES TESTING BOTH METALLURGICAL AND ELECTRICAL STABILl'fY 
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AI-Nisi-n-Si Schottky Diode 
cb = 0.66 V *b % 0.76 V 
N 1.03 N = 1 - 1.3 
n n 
SOO'C 
TIN * c3 +TiN 
15 R1W 
ab = 0.66 v 
N = 1.03 
eb = 0.66 V 
N = 1.03 
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Ohmic Contacts to GaAs 
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Amorphous Barrier 
r f  SPUTTERED FE-W 
500'C 
2 N S I  .li 2. 71 X M  , OBN = 0.61 EV 
M. F l N E T T l  ET A L . ,  APPL.PHYS.LETT.  ( I N  PRESS) .  
z F  SPUTTERED MULTILAYERS AND SOO'C, 4 H ANNEALING 
:HAS MESFET 
WITH T l w - S I  BARRIER: STABLE AT 300'C PAST 944 H (39 D )  
WITHOUT TIW-SI  BARRIER: FAILS AT 300'C AFTER 360 H (15 D) 
w .  T .  ANDERSON ET AL. THIN S O L I D  FILMS ( I N  PRESS) .  
1 3 2  
~ S I ~ / P b - S I / A U  OR CUI 
~GAAs>/Mo-SI/CU/ M o , ~ ~ S I , ~ O  ; 550’C 
cG~P>/hd-Si/Au/ 
.SI>/W-SI/AU OR cU/ W,B*SI,15 2 700’C 
FAILS A T  T T, FOR SI 
T T, FOR GAAs, GAP 
K.J.Guo ET AL., IEEE - 8lCH1658-4, P . 3 5  (1981). 
J.D.WILEY ET A i . ,  IEEE TRANS.  IE-29, N O . 2 ,  154 (1982’). 
I 1 K i  I Au T, : 600’C (1 ti) 
FAILS AT 600’C, 15 MIN. 
Dt AT 600’C, 15 MIN. 1 500 i 
I, s I ,GA.%,GAP, 1 
~ 9 0  i 1-1 FAILS AT 1 Tc FOR SI. GAP 
T, FOR GAAS 
B.L.DoYLE E T  AL., THIN SOLID F I L M S  (IN PRESS). 
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Summary 
THIN Fr~ns # BULK 
ORiGlNAL PAGE 1s 
OF POOR QUALITY 
- 
DEFECTS CONTROL KINETICS 
DEFECTS = f(FAB. PROCESS) 
DIFFUSION BARRIERS = ,f(FAB. PROCESS) 
MISCIBLE ELEMENTAL BARRIERS FAIL 
IMMISCIBLE ELEMENTAL BARRIERS FAIL 
STUFFED B A R R I E ~ S  
TI /Mo/Au 
SI /TI+W/AU 
TA/CR/AL 
TA/AL/AL 
HOLG 
SACR I F I CAL BARR I ERS 
P A S S I V E  BARRIERS ~ - -  
T I N  
IMPj-ANTED IMPURITiES 
AMORPHOUS 
HOLD 
HOLD 
THERE IS HOPE 
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D1 SCU SS I O N  
CAMPBELL: Titanium nitride is a passive barrier. Is that the compound 
titanium nit ride ? 
NICOLET: Yes. It is a compound. It is TiN. 
CAMPBELL: Stoichiometric. 
NICOLET: In our case it is very close to stoichiometric. It is easy by 
reactive sputtering. It is easy to produce reactively in stoichiometric 
form. It is just as easy to produce it reactively in nonstoichiometric 
form, it is just as easy to produce as in dirt form. As a matter of 
fact, an interesting idea is why would you not intentionally have a 
little dirt in Ti-nitride. It might actually make it even better. That 
is one thing we wanted to try. It looks like heresy. But it is also 
heresy to apply oxygen to nickel if you talk to the silicon community. 
I think that there is lots of room to try new ideas in this business. 
Yes, it is just simple Ti-nitride, however, Ti-nitride isn't simple. 
SOMBERG: You mentioned in the beginning that the pure-metal systems like 
Ti-palladium-silver doesn't work. Could it be that they really are not, 
pure-metal systems, that they are "dirty" systems, that there are other 
things going on? 
NICOLET: Well, that is possible. The Motorola system of electroplated nickel 
copper, f>r  example, surely has a lot of phosphorus in it and you can 
make nickel arcornhous if you have enough phosphorus in it. It doesn't 
have to be but i .  could be. We have looked at this and it is possible. 
What I was trying :o say is if you make things pure the way you write it 
down, when you say it's nickel, you mean it's nickel not nickel plus a 
lot of other things. Many things fail. And it is important t make 
that distinction. Otherwise you will get lost. It becomes black magic 
and people will not tell you what they do. This is just a sign that it 
is not understood. 
AMICK: Would you comment, please, on the adhesion properties when you implant 
either oxygen or nitrogen into the nickel and then form this interfacial 
layer, which is apparently either a nitride or an oxide. What happens 
to the adhesion properties of that system? 
NICOLET: We haven't looked at that much. I will tell you my reluctance to 
get into this type of question. It is something that I would like very 
much to consider in our measurements, but I can't conceive of our 
Caltech graduate students making adhesion measurements. 
COMMENT: It is not that expensive. 
NICOLET: It's not expensive, but if you can't write down the Schroedinger 
equations, that is a complaint. If I have someone in industry or 
elsewhere who would like to collaborate, it would be delightful, but we 
don't cover that part well, and I don't know how to do i t .  I know that 
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I will not get anywhere dith this proposition with anybody in my group. 
I think the way to do that is by collaboration. I think it would be 
very ?ice to investigate. The same question for Ti-nitride. Ti-nitride 
has to be fixed in one fashion or another to have proper adhesion. And 
that should also be fixed. But I think these things can be resolved. 
WONG: Did you, or did anyone else, hmave any diffusion failure of amorphous 
alloy? 
NICOLET:  Yes. Data on diffusion in amorphous alloys are plentiful in bulk. 
Data on amorphous materials is 20 years old now. A thick compendium. 
What you really want are the data on diffusion in thin films, that are 
amorphous. Maybe thet is different. There are a number of measurements 
that were done and they are much more limited. Typically, what people 
do, they make an amorphous layer a d  they implant heavy material, like 
gold. 
And you see dramatic differences if you compare the same layer 
amorphized or crystallized. 
implant an amorphous layer and you do the annealing at the same low 
temperatures the diffusivity is vastly different. That's only half the 
story, and as we found out with our aluminum layer, you might have very 
low diffusivity inside but if you have sufficiently thick layers with 
large diffusivity on the top you might just lose your layer in a hurry. 
You may not crystallize. 
With backscattering you can see how the diffusion takes place. 
If you have a crystallized layer and 
It might just be dissolved. 
WONG: In this sense, in that example that you showed in the viewgraph, can we 
do something to saturate the aluminum with whatever -- the iron 
tungsten, for example -- so that we don't have diffusion during that 
period ? 
NICOLET:  That would be another idea. Yes, that woiild be good to try that. 
Let me just first explain. While we were making these measurements, how 
frustrating we found it when we failed. But I thought, no, we haven't 
failed, because it opened our eyes to a lot of problems that are very 
relevant because you have to recognize this: 
in all directions. 
you have bulk diffusivity 
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OBSERVATIONS OF SOLAR-CELL METALLIZATION CORKOsIOlj 
G.R. Mon 
Je t  P ropu l s ion  Laboratory 
C a l i f o r n i a  I n s t i t u t e  of Technology 
Pasadena, C a l i f o r n i a  
The Engineering Sciences Area of  t h e  Jet  P ropu l s ion  Laboratory (JPL) 
F l a t - P l a t e  S o l a r  Array P r o j e c t  i s  performing long term environmental  tests 
on pho tovo l t a i c  modules a t  Wyle Labora to r i e s  i n  H u n t s v i l l e ,  Alabama. Some 
modules have been exposed t o  85OC/85% RH and 4OoC/93% RH f o r  up t o  280 
days. Other modules undergoing temperature-only exposures  (<3% RH) a t  
8 5 O C  and 100°C have been t e s t e d  f o r  more than 180 days. A t  least two 
modules of each des ign  type a r e  exposed t o  each environment--one with,  and 
t h e  o t h e r  without a 100-mA forward b i a s .  
Degradation is both v i s u a l l y  observed and e l e c t r i c a l l y  monitored. 
V i s u a l  obse rva t ions  of changes i n  appearance are recorded a t  each in spec t ion  
t i m e .  S i g n i f i c a n t  v i s u a l  obse rva t ions  r e l a t i n g  t o  m e t a l l i z a t i o n  co r ros ion  
(and/or  metal l izat ion-induced c o r r o s i o n )  inc lude  d i s c o l o r a t i o n  (yellowing 
and browning) of g r i d  l i n e s ,  mig ra t ion  of g r i d  l i n e  material i n t o  t h e  
encapsu la t ion  (' 'blossoming"), t h e  appearance of rainbow-like d i f f r a c t i o n  
p a t t e r n s  on the g r i d  l i n e s ,  and brown s p o t s  on c o l l e c t o r s  and g r i d  l i n e s .  
A l l  of t h e s e  obse rva t ions  were recorded f o r  e l e c t r i c a l l y  b i a sed  modules i n  
the  280-day tests with humidity. 
I n  t h e  temperature-only t es t s ,  d i s c o l o r a t i o n  of g r i d  l i n e  t i p s  was 
noted i n  e l e c t r i c a l l y  biased modules. 
i n  both b i a sed  and unbiased modules. 
Grid l i n e  d i s c o l o r a t i o n  was observed 
The u at important  e l e c t r i c a l  obse rva t ions  are I-V cilrves taken a t  
each i n s p e c t i o n  per iod.  Changes i n  t h e  I - V  curve can r e v e a l  l o s s  of 
encapsu la t ion  t ransparency (reduced s h o r t - c i r c u i t  c u r r e n t ) ,  l o s s  of c e l l s  
(reduced open-c i r cu i t  v o l t a g e ) ,  j u n c t i o n  contaminat ion o r  s h o r t  c i r c u i t i n g  
(reduced shunt  r e s i s t a n c e ) ,  and con tac t  and m e t a l l i z a t i o n  co r ros ion  
( inc reased  series r e s i s t a n c e ) .  
Other  e l e c t r i c a l  parameters monitored included i n s u l a t i o n  r e s i s t a n c e  
(decreased s i g n i f i c a n t l y ) ,  d i s s i p a t i o n  o r  l o s s  f a c t o r  ( i n c r e a s e d  
s i g n i f i c a n t l y )  and cel ls- to-frame capac i t ance  ( g e n e r a l l y  una f fec t ed ) .  
I n  an at tempt  t o  quan t i fy  m e t a l l i z a t i o n  co r ros ion ,  power reduct ions 
r e s u l t i n g  from dec rease  of s h o r t - c i r u i t  c u r r e n t  (due t o  changes i n  t h e  
o p t i c a l  p r o p e r t i e ,  of t he  encapsulant!  were s u b t r d c t e d  from the  observed 
t o t a l  power r educ t ion  a f te r  f i r s t  c o r r e c t i n g  f o r  l o s s e s  due t o  cracked c e l l s  
and broken in t e rconnec t s .  The remaining power l o s s  was assumed t o  r e s u l t  
from i n c r e a s e s  i n  series r e s i s t a n c e ,  a parameter t aken  t o  be i n d i c a t i v e  of 
con tac t  ( m e t a l l i z a t i o n )  co r ros ion .  Power l o s s  ra te  (hP/At) d a t a  have been 
compiled f o r  t h e  va r ious  m e t a l l i z a t i o n  systems and t h e  i e l s t i v e  power l o s s  
r a t e  (AP/AR) was found t o  dec rease  l i n e a r l y  with time. 
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Simi la r  t es t s  are i n  progrees  a t  JPL us ing  850C/O% RH, i35OC/85% RH, 
a1.d 85OC/100% RH environments. 
m i g r a t i  a r e  as high as 55 v o l t s ,  colnparod with Wyle L a b o r a t o r i e s  d r i v i n g  
vo l t ages  of about 5 v o l t s  maximum. 
DrivLng v o l t a g e s  f o r  m e t a l l i z i . t i o n  
Following t h e  French, we  p l o t  t i m e  of o b s e r v a t i o n  c r  m e t a l l i z a t i o n  
mig ra t ion  ve r sus  t h e  combined v a r i a b l e s  t°C + % R l i  to  r e v e a l  t h e  e f f e c t  of 
vo l  t age acce l e  r a t ion. 
We specu ld te  about t h e  mechanism undcrlyiqg t h e  observed phemmena. 
P'mtographic evidence i n d i c a t e s  t h a t  the mig ra t ion  i s  along e l e c t r i c - f i e l d  
I Lies and i s  thus a form of i o n i c  t r a n s p o r t  d r i v e n  by p o t e n t i a l  d i f f e r e n c e s  
through the  encapsu la t ion  which, w i t h  t h e  abso rp t ion  of water, becomes an 
e l e c t r o l y t e .  The observed d i s c o l o r a t i o n  p e e l s  off  w i th  t h e  encapsulant-- i t  
i s  i n  the  encapsu lan t ,  not on the  cell--and is be l i eved  t o  b- due i n  p a r t  t o  
oxide-catal ized r e a c t i o n s  w i t h i n  t h e  encapsu la t ion ,  a c c e l e r a i e d  by e l eva ted  
temperature.  I n v e s t i g a t i o n  of t h e s e  phehomena con t inues .  
Important cenc lus ions  f r o n  t h i s  s tudy r e l a t i n g  t c  m e t a l l i z a t i o n  
co r ros ion  inc lud ing  tne followlng: 
( 1 )  Ni-solder m e t a l l i z a t i o n  i s  extremely s t a b l e  i n  t h e  sense t h a t ,  
un l ike  systems con ta in ing  s i l v e r ,  no mig ra t ion  has  been observed. 
( 2 )  For s i l v e r - p r i n t  m e t a ~ l i z a t i o n s ,  t h e  power l o s s  observed a f t e r  
100 hours  i n  an 85OC/85% RH tes t  chamber i s  e q u i v a l e n t  t o  
about 30 y e a r s  af real-time exposure a t  60OC/40% RH daytime 
cond i t ions .  
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4 PVB 
ORIGINAL P A K  
OF POOR QUALllY 
Discharge Inception Voltage Data (General) 
t 
0 TIME, h 2003 
+ EVA 
60 V 
0 TIME, h 2;oo 
- 85"C198% RH - - - 85"C/2.5% RH 
OfV - VOLTAGE AT W Y H  MlASURCD 
PEAK DISCHARG. \RE=SpC 
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Resistivity vs Temperature With Relative 
Humidity as Parameter 
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Insulation Resistance vs Time: EVA-Ag Paste 
I f I I 
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Resistivity vs Relative Humidity 
With Temperature as Parameter 
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lnsufation Resistance vs Time: RTV-Ag Paste 
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Insulation Resistance vs Time: PVB-Ag Paste 
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Anode 
Front 
Anode 
Back 
Cathode 
Front 
Cathode 
Back 
Control 
Observations on Corrosion of Unencapsulated 
Ag-Metallization Cells in Aqueous Electrolytes 
0.1 Molar HCI, 0.5 h 
Ag dissolution proportional to voltage 
AR coat attacked at 9.0 V 
Ag-Ag+ + e- 
magnitude 
* Dissolution of back-surface 
metallization proportional to applied 
voltage 
No observed metallization corrosion 
Evolution of gas bubbles 
H+ + e-- H H2(9) 
H20 + KO2 + 2e--20H- 
Metallization-silicon bond undermined 
~ ~~ ~ 
No observed corrosion 
~ ~~~ ~~~ 
C.! Molar NAOH, 0.5 h 
Ag dissolution proportional to voltage 
Evulution of gas bubbles 
Ag-Ag’ + e- 
4Ofl--02(g) + 2H20 + 4e- 
magnitude 
Same as above 
Severe attack on AR coat 
Metallization-silicon bond undermined 
Evolution of gas bubbles 
4e- + 4fl20-2fl2 + 40H- 
Si0 + 20H-dSiO9 + 2H9O + Ze- 
No observed corrosion 
No observed corrosion 
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Time to 25% Maximum Power Degradation vs Current Density 
W + I  = I O - ~ M )  
Observed 
Degradation 
Metallization Dissolution 
CURRENT DENSITY, Aim2 
Summary: Failure Mechanisms- Causes and Effects 
Probable 
Mechanism 
Electrochemical electrode- 
electrolyte reactions 
between metallization and 
pottant 
Parameter 
Monitored 
Short-circuit 
current 
Parameter 
Variation 
Discoloration of 
encapsulation; reduced 
optical transmission 
- 
ConduAng paths 
between high-voltage 
cell and ground, 
electrical breakdown 
Diffusion of metallization 
into encapsulation 
resulting in metallization- 
encapsulant interactions 
catalyzed by high tempera- 
ture and bnoisture levels 
Absorption of moisture 
Diffusion of metallization 
fram cell to cell or from 
cell to frame 
----- 
Insulation resistance 
and capacitance 
Discharge inception 
voltage 
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MODULE DEGRADATION CATALYZED BY METAL-ENCAPSULATION REACTIONS 
B.D. Gallagher 
Jet Propulsion Laboratory 
California Institute of Technology 
Pasadena, California 91109 
Four major properties are considered to be relevant In deiermining 
service life of a photovoltaic module: 
(1) Mechanical: creep resistance, modulus, tensile strength. 
( 2 )  Optical: integrated transmission at 0.4 to 1.1 m wavelength. 
( 3 )  Chemical: inertness with respect to metals and other components, 
retention of stabilizers, etc. 
( 4 )  Electrical: maintaining effective isolation of conductive 
components. 
These properties were measrired after exposing polymer specimens to three 
types of accelerated stress: tht-mal, ultraviolet radiation and metal 
catalysts. 
related free-radical reactions that result in the deterioration of polymeric 
materials. 
These conditiocs give rise to a large number of complex inter- 
In all experiments the data were plotted as log % property retained 
versus time, to yield generally useful graphs of material behavior. 
property to show change is color (yellowing), determined quantitatively by 
spectroscopy as a percentage of transmittance (T) at 400 nm. 
optical transmittance, however, retains a surprising high value (400 nm to 
1100 nm), even with severe yellowing. Specimens retaining only 10% of the 
original transmittance at 400 nm were still found to have 74% total integrated 
transmittance. The mechanical properties during aging were, for the most 
part, unaffected. When physical deterioration was observed, the decrease in 
elongation at break was the first characteristic to change, followed by the 
decay of tensile strength. The dielectric strength was found to be the least 
variable of the properties measured; it retained 100% of the control values in 
all but the most extreme cases of degradation. 
The first 
The total 
Thermal aging was conducted in the dark in atmospheres of air and 
nitrogen at temperatures of 6OoC, 85OC, 105OC and 130°C. 
that the candidate pottants have very good thermal stability, with no life- 
limiting degradation occurring at lG5OC. 
Results show 
For the purposes of this d'scussion only the data on metal-catalyzed 
reactions on EVA A-9918 will be presented. 
tested behaved in a similar or worse manner. The EVA A-9918 consists of five 
parts: (1) ELVAX 150, the encapsulant; (2 )  Lupresol 101, the curing agent; 
All of the other cncapsulants 
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(3) Cyasorb 531, an ultraviolet screen; (4) Naugard P, an antioxidant, and (5) 
Tinuvin 770, an ultraviolet stabilizer. This material was developed by 
Springborn Laboratories, Inc., under contract to JPL and is available to the 
industry. 
Metal-catalyzed oxidation in the presence of copper was discovered to be 
the most severe condition examined. 
and the color ( X  T at 400 nm) measured after periods of thermal soak at 105OC. 
The material was found to degrade rapidly and reached end of life at 400 
hours. Specimens that had been treated with silane primer demonstrated 
improved performance and the induction period (before rapid degradation) was 
moved out to beyond 1000 hours. 
observed with both Ti+2 and T+3 ions but no reactions have been observed 
with aluminum, silver, nickel or 60-40 solder up to 1000 hours of 105OC 
thermal tests. 
The EVA was molded around copper screens 
Similar catalytic reactions have been 
The postulated mechanisms for the general case and for the metal- 
catalyzed specific case are: 
A. The general case: 
(1) A INITIATION R-R - 2R 
The breaking of the R-R bond to form the R* free radical is 
a slow reaction. This step, which requires 80 kcal/mol of energy 
t:, break the bond, corresponds to the induction period. Energy 
can be supplied by heat or light and the unpaired electron in the 
R* complex can react with oxygen and/or with some metal complexes. 
PROPAGAT ION R* + 02 - ROO* < 2 j  
ROO* + RH - R* + ROOH ( 3 )  
The formation of the K in reaction ( 3 )  shows this propaga- 
tion step is autocatalytic and the change in slope of the curves 
shows it to be quite fast. The formulation of ROOH hydroperoxide 
is the operative mechanism that allows for redox reactiona with 
multivalent metals to accelerate the production of free radicals 
and make the system autocatalytic. 
B. "hc metal catalysis case: 
to give a summary reaction of 
RO + ROO. + H20 cu+2hl+3 2ROOH + 
This reaction is quite fast and, as can be seen from the reaction 
products, is autocatalytic. 
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General conclusions tha t  can be reached are:  
(1) The f i rs t  quantifiable property t o  change is  color .  
( 2 )  
( 3 )  
Observed degradation mechanisms a r e  of the induction-period type. 
Higher acce lera t ion  r a t e s  a r e  required t o  assess  formulation 
changes i n  less time. 
(4) Not a l l  metals catalyze degradation mechanisms; copper and 
titanium do, but aluminum, s i l v e r ,  n icke l  and 60-40 solder  do not.  
( 5 )  Silane treatment has extended the induction t i m e  before 
au toca ta ly t ic  degradation but exact formulations fo r  long l i f e  
have not y e t  been found. 
These s tudies ,  sponsored by the U.S. Department of Energy througil the 
Jet Propulsion Laboratory, were car r ied  out a t  Springborn Laboratories,  Inc., 
tinder the directio,. of Paul Willis. 
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Module Designs 
SUPERSTRATE MSJGN 
GLASS (LOW IRON) 
SPACER 
POTTANT 
SILICON CELLS 
SPACER 
POTTANT - SPACER 
BACK COVER 
D GASKET 
=LING TAX 
J 
EDSE SEAL AND GASKET 1 
SUBSTRATE DESIGN 
UV COVER F ILM 
POTTANTS 
SUBSTRATE (WOOD OR STEEL) 
-- 
EDGE SEAL AND GASKET 
Thermai Aging 
EVA A9918-13O0C 
I 1 I I 1  1 1 1 1  I 
2 3 4  6 8  2 3 4  6 8  2 3 4  6 8  2 3 4  6 8  
100,000 
d 
A TENSILE STRENGTH 
0 ELONGATION 
0 COLOR 1% T 400 nm) 
1 .o 
10 100 1000 10,000 
TIME, hwrs 
No change in optical, mechanical, or electrical properties after: 
30°C: 7200 hours 105 O C :  1000 hours 
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Prepare polymer formulations 0.2 phr deactivator 
Mold over copper screen 
Copper: silane I no silane treatment (2-6030) 
Thermal age, air and nitrogen 
Monitor % T 400 nm (yellowing) 
Metal Deactivation 
(COPPER SCREEN) 
EVA A9918 
- - - ACOLOR CHANGE, 105'C - AIR CONTROL (BOTH RESIIJSI 
- O V l L U E  FOR ALL OTHER FORMULATIONS 
105OC. AIR 
1 I I I I I 1 1 1 1  I 
0 100 
TIME, hwrt 
1000 
EVA controls degraded at 400 hours (coloration and flow 
of resin away from copper screen) 
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MetPI-Catalyzed Degradation 
Copper and possibly other multivalent meidis 
accelerate oxidation reactions in polymers "pro-oxidants" 
General Mechanisms: 
Initiation: R - R  * 2 R *  
Propagation: R* + 02 - R 0 2 *  
RO2- + RH - R* + ROOH 
Metal catalysis: 
0 Multivalent metals complex hydroperoxides. React through redox 
mechanisms. accelerates production of free radicals 
ROOH + M"+-M("+~) + OH- + RO* 
ROOH + M (n+l)-Mn + Hi + ROO* 
0 Soluble ions are catalytic. Affect propagation rate only. 
Sum: 
Conclusions (Results to  Date) 
General Observations 
First property to change: color (yellow) 
Degradation: predominantly induction period type, few first order 
Exposure times are long, need higher acceleration to assess 
formulation changes in less time 
Metal Activation 
Avoid metallic copper in contact with pottant 
No reactions observed with aluminum, 60140 solder 
Wash off solder flux (acidic residues, soluble ions) 
Deactivators give improvement (effectiveness?) 
Silane gives improvement (effecziveness?) 
(other multivalent metals?) 
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DISCUSSION 
SOMBERG: I know t h a t  a t  least  one of t h e  modules you showed has  no t  baen made 
f o r  a t  least  t h r e e  years. Are those  t y p i c a l  of a l l  t h e  tes ts  t h a t  have 
been run t h a t  you have desc r ibed?  
MON: I n i t i a l l y  a l l  we had w a s  Block I, I1 and 111 modules, sme of which are 
co longer  made. 
of g e t t i n g  our hands OI Block V modules, t o  put i n  t h e s e  chamber too. 
Then w e  s t a r t e d  with Block IV and we are i n  t h e  process  
SOMBERG: Would you say t h a t  t he  d a t a  you have shown are r e a l l y  of Block 111 
and b e f o r e  t h a t ?  
MON: For t he  most p a r t ,  yes .  We have had enough t i m e .  We have been 
running Block I V  s t u f f  now f o r  about 100 days,  i f  I recal l  -- w e l l ,  
probably longer  than t h a t ,  s i n c e  l a te  1982. About seven months. 
SOMBERG: What does t h a t  look l i k e ?  
MON: About a s  bad as t h e  f i r s t  group. About as bad as t h e  f i r s t  
t h r e e  Blocks. 
SOMBERG: How many d i f f e r e n t  module manufacturers  are i n  t h a t  t e s t ?  
MON: A l l  the  major ones. 
SOHBERG: So you are saying Block I V  looks about t h e  same as Block III? 
MON: Well, yes. 
d i f f e r e n t i a t e  between modules t h a t  look l i k e  t h i s  when they a l l  begin t. 
look l i k e  t h i s  a f t e r  70 days and t h e  85-85 chamber? Yes. EVA i s  about 
a s  bad as PVB as f a r  as degradat ion is  concerned. We are t a l k i n g  about 
encapsu la t ions  r a t h e r  than m e t a l l i z a t i o n s .  EVA yellows seve re ly .  
E s p e c i a l l y  wheil i n  con tac t  with s i l v e r  m e t a l l i z a t i o n .  More than PVB, I 
would think.  Maybe noi; it is  ha rd  t o  say. The b e s t  i n s u l a t i o n ,  from 
the  obse rva t ions  t h a t  I see h e r e ,  is  the  o l d  s i l i c o n e s .  They seem t o  be 
much b e t t e r  . 
When you ask m e  a q u e s t i o n  l i k e  t h a t ,  how a m  I supposed t o  
SOMBERG: What about t h e  Block IV c e l l s .  What do they look l i k e  compared -- 
not t h e  encapsu la t ion ,  but t h e  ce l l s  themselves. Are you say ing  t h a t  
t h e  problem i n  Block IV appears  t o  be about t h e  same as i t  w a s  i n  Block 
III? 
MON: 1 c e n ' t  say tha t .  
SOMBERG: Are t h e r e  any i n i t i a l  i n d i c a t i o n s  t h a t  i t  appears  t h a t  way? 
NDN: Oh, yes. Likt. I say, t he  cel ls  themselves -- 
SOMBERG: Yot t h e  encapsu la t ion  of t h e  c e l l s .  
MON: No. I haven ' t  seen the  cells .  
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ROYAL: There is another group that is testing cells, with a slightly 
different approach. The data are not available in that exact same 
format. 
LIVESAY: Have you had the chance to look at that blossoming or that pattern 
under a scanning electron microscope? 
MON: Yes. We ace doing that now. What we have discovered there is a lot of 
silver concenlraticn, of course, right on the metallization. As you 
probe beyond the metallization, the concentration goes down and as you 
probe in a lateral direction, the metallization, the silver content also 
goes down, There is definitely a aiffusion. 
LIVESAY: What is the microstructure? I have seen things like this, sometimes 
they are a whisker growth and other timef they are dendritic patterns. 
Do you see that kind of thing? 
MON: The microstructure, first of all you see what looks like white puff 
balls, and stars, and this is formed in the encapsulation but it is 
right above the metallization. 
metallization-catalyzed type of reactim. 
just off the end of the metallization. 
silver content there when we probed for that, It seems to be beyond 
that. I'm not sure I understand it. 
jumping as far as I can tell. 
So again that is probably a 
There seems to be a dark area 
There seems to be very little 
It is not doing any quactum 
QUESTION: There was silver and there is no longer silver? 
MON: When you peel the encapsulation o f f ,  you c3n look aru see part of the 
metallization and the blossoming in the encapsulation, and the cell for 
all apparent purposes is as good as the day it was delivered except that 
there is probably less silver because we do a Jot scan with the EDAX and 
get a dot map and you can see silver in a decreasing diffusion-like 
pat tern. 
WOLF: But you lost silver there? 
MON: That's right. 
SCHWUTTKE: It would be a migration problem. You have an electromigration 
problem. 
MON: That is correct. 
STEIN: Would you clarify that just a bit more? Would you say that the 
polymer, the encapsulant, is acting as an electrolyte in this case? 
MON: Remember, these have been in a humidity chamber. 
STEIN: I un-' -stand that. If the humidity is absorbed by the polymer then 
you fil.* silver in the polymer. 
MON: That is correct. My interpretation oE this is that water vapor has 
penetrated the encapsulation and has caused it to become an 
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electrolyte. 
forces, as you can see by the bending at the tips, and it is electroytic. 
This happens under the influence of the electromotive 
WEAVER: We observed on the PVB encapsulant that it occurred all along the 
whole collector bar; it occurred in a very short period of time. We 
installed those last June, but our first cold night with high humidity 
was in late October, and within one veek it showed up. It has not 
gotten any better or worse since then. 
MON: We don't know how long it took for this to occur but this residence 
has only been powered by solar for about a year. 
WEAVER: In my discussion with Neal Shepard, when I called his attention to 
our problem, he said it occurred very quickly both at the Southwest and 
the Sortheast Residences in a very short period of time. All of a 
sudden it was there. 
MON: This is the Southwest right here. 
STEIN: I would suggest that the resistivity of the encapsulant at different 
relative humidities and temperatures might be a very significant factor 
here, and should be a means of choosing appropriate materials. If that 
drops too much, at 85% or even lOOOC, you are in trouble. 
MON: Well, we never know these modules in operation will be at around 6OoC, 
the cell temperature, so we are doing accelerated testing and I think we 
will still be in trouble because I think that the 8SoC/85X RH test 
for, say, 90 days correspoads to probably less than 20 years, in fact I 
did a back-of-the-envelope calculation one time and it looked like 12 to 
15 years. 
WEAVER: The concern about high temperature can be brought further forvard 
when you say if I have a we6k cell, its temperature will go well beyond 
65'~. 
then you will start heating everything around it. 
You will get cells up close to 100°C; if it is a bad cell 
MON: That right. There will be a reverse bias. 
HORN: We've done work where we've seen a similar phenomenon whe. we do 
electrostatic-field-assisted bonding of borosilicate glass to a cell. 
Where we have the glass under high temperatvre and voltage gradient 
through the glass and we see a browning halo over the contact grid in 
the glass. We havi actually done analyses of this and it has shown that 
it is silver rrigrating into the glass. We have postulated that it is an 
ion exchange between the sodium in the glass and the silver. By 
depositing just a few hundred angstroms of SiO, through a shadow mass 
down to that grid line we can eliminate the problem. It might be as 
simple as putting the AR coating over the contact grid except where you 
want to make the contact. 
MON: Do you have literature on this? 
HORN: We published last fall in the IEEE W Specialist Conference. 
MON: I would like to get together with you anu get that reference. 
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WOW: I have two short questions related to this. The first question is, 
is this blosscsing effect happening only under the high humidity and 
heat condition ? 
MON: That is correct. Except that we have seen it in the Southwest RES and 
in various field sites at so called normal field temperatures. 
WONG: The second question is, you say the water acts as an electrolyte. Do 
you mean that the silver will be dissolved in the water, through the 
water and then deposit at the low potential region? 
MON: No, I won't go so far as to say that because I haven't observed that 
yet. All I am saying is that basicaily, fram that previous picture, it 
is my contention that it is prooably an electrolytic phenomenon. 
Whether it is actual silver ions or some sort of a -- it could be an 
electrophore type of thing too, I am not sure that is what you call it. 
You have a situation where you have either an ion or a polarized 
molecule following the field line. There is a name for that and I can't 
remember what it is. But I don't know yet what the mechanism is. 
WOW: But it has to be something dissolved in water that can transport 
through the water. A possible lov potential field. 
MON: I am sure of that. 
WONG: And the driving force has electrochemical potential, do you think? 
MON: Yes. I have not seen any deposits on the cathodes. We are looking for 
that but we haven't seen it. But by the time it gets -- like this 
gap - it isn't much of a gap - but this particular module was 
accelerated at the difference between those two cells, which is 17 
volts. This took 1700 hours, roughly, in that time frame, for this one 
to turn. So again, I don't know what this translates into in real field 
conditions. But I do think it is electrolytic. I can't prove it yet. 
AMICK: Which is the positive and which is the negative? 
MON: The positive one is the bottom one, the one that has the blossm on it. 
AMICK: So that is the one where hydrogen would c m e  out if you were 
electrolyzing the water. 
MON: That i s  correct. This is the cathode. 
AMICK: So that is where oxygen would come out? And if oxygen comes out-- 
WONG: Did you see any bubbles or pockets or oxygen gas in this? 
MON: NO. 
COMMENT: 
voltage pplied? 
Do you know when Paul (Willis) will be able to make tests with 
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GALLAGHER: I can ' t  answer t h a t  q u e s t i o n  but  I t h i n k  i t  is on ly  a matter of 
t i m e  u n t i l  he is  instrumented to do it. I t h i n k  one of t h e  t h i n g s  tha t  
has come out  of my being h e r e  is  my awareness of t h e  f a c t  t h a t  t h e  
phenomena t h a t  w e  j u s t  heard of are ve ry  much a c c e l e r a t e d  by vol tage.  
COHHENT: Or maybe r e t a rded .  
GALLAGHER: Again, t h e r e  i s  an a c t i v a t i o n  energy of some s o r t  involved,  
e i t h e r  p o s i t i v e  or negat ive.  Any o t h e r  ques t ions?  
AMICK: Brian, you r e a l l y  should be looking a t  them i n  l i g h t ,  t o o  a t  a i r  mass. 
GALLAGHER: I agree,  t h e r e  is another  way of looking a t  t h i s .  I f  you look a t  
t h e  m e t a l l i c  systems t h a t  are a v a i l a b l e ,  and what Paul ( W i l l i s )  found: 
s o r t  of an a c c i d e n t a l  t h i n g ,  and he went a f t e r  i t  t o  see what w a s  
causing it. Normally one wouldn't worry about t h e  copper i f  you had t h e  
d a t a  on n i c k e l  because in t h e  course of producing the  copper-plated 
s ' ructure  i t  would be very easy  and q u i t e  economical t o  g i v e  i t  a n i c k e l  
f l a s h  b e f o r e  you remove it fran t h e  p l a t i n g  s y s t e m ,  so you wouldn't go 
af ter  i t  t h i s  way. What happened was t h a t  he found a phenomenon he got  
i n t e r e s t e d  i n ,  and he went a f t e r  t h a t  phenomenon, and then once he 
s t a r t e d  r e p o r t i n g  on i t  he got  pushed a l i t t l e  b i t  t o  look a t  sane of 
t he  o the r  metals t o  solve i t  i n  a d i f f e r e n t  way. He ,  be ing  a chemist ,  
and very i n t e r e s t e d  i n  polymers, wants t o  use t h a t  approach, wants t o  
d e a c t i v a t e  whatever the metal  is  i n  a chemical r e a c t i o n .  In  our case,  
we would j u s t  r e p l a c e  t h e  copper with n i c k e l  and n o t  worry about i t .  
But you a r e  r i g h t ,  t h e  a c c e l e r a t i o n  f a c t o r s ,  now t h a t  we knos they a r e  
p r e s e n t ,  should be used. 
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INTRODUCTION 
Cells used with concentrators have similar contact requirements to other cells, 
but operation at high intensity imposes more than the usual demands on the  
metallization. 
Table 1 lists the overall contact  requirements. W e  will discuss how concentrator 
cells can meet these requirements. 
REDUCING RESISTIVE LOSSES 
Since concentrator cells operate at high current density, any resistive losses a r e  
more severe. 
Resistive Loss Model . (See Reference I +  f o r  previous references.) 
The procedure used to design concentrator cells is as follows (see Figure I). 
Select the intrinsic cell design best suited to t h e  planned application -maximize 
collected current and voltage, minimize reflective and bulk resistance losses. 
These terms a r e  derived from previous experience gained in optimizing the  cell 
design. 
Select ca,tacts with low contact resistance, and design a grid pattern using 3-7 
below. 
The various resistive components (contact, front sheet, gridline, bulk) a r e  
analyzed as a network of resistors. This analysis generally uses parallel lines for 
rectangular or square cells, sometimes with the  cell divided into quandrants; for 
circular cells, radial lines are used, often with increasing line density towards 
the outer edge (bus contact)  of the cell. 
The resistive losses a r e  computed, and transformed into power losses e.g. by 
taking their ratio to the  internal impedance of the cell  at the  operating intensity 
X (this impedance = @.9 Vocx/Isc,). This impedance increases just less than 
linearly with X ( -  0.84X for Si, ), so that  the  relative 
percentage loss caused by resistive components increases at this same ratio. The 
shading loss does not vary with X, and is determined by the areal grid 
dimensions. 
The operating CFF of the cell under concentration is computed by subtracting 
the total resistive losses from an initial "ideal" CPF. 
The shading reduces the generated current density to the actual cell current 
den sit y . 
0.89X for CaAs 
*P.A. Iles "A Survey of Grid Technology" to be published in Confereace Rec. of 
16th Photovoltaic Specialists Conference, 1982. 
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7 )  Criti line aimensions a r e  selected within the best available state-cf-the-art. 
The rationale for grid design is to minimize shading losses (at low concentrations 
up to 10-20X), and then to gradually reduce the  resistive losses more at higher 
concentrations (Reference 1). Figures 2 and 3 show the  good agreement obtained 
between measureti and calculateti values. The slight improvement in the  measure6 
CFF can be explained by slight differences in t h e  assumed and achieved gridline 
d i n  en sions. 
This agreement which has been repeatea for many different cell designs, shows 
that  the  loss model analysis is valid (especially at low concentrations), even using the 
simpler lumped resistance assumptions. This adds confidence to use of the  same 
model in designing grid (and husbar) configurations for large a rea  cells, or for cells 
where low costs limit the choice of grid formation methods. For concentrator cells 
practical grid formation and deposition techniques have been developed, and 
generally require the  use of photolithographic methods. Of course to obtain high 
concentrator system efficiency, i t  is essential to have high cell  efficiency. 
INCREASED OPERATING STRESSES 
Items 5-7 in Table 1 a r e  especially important under the  increased operating 
stresses for concentrator cells. lr5 is important, especially for terrestrial  
concentrator systems where severe temperature cycling (many times per day) is 
possible. I t  also i n c e a s e s  the range of bonaing methods and conditions which can De 
used. lt6 is important because most concentrator cells operate hot (despite the use 
of cooling), and there may also be severe temperature gradients between the  front 
ana back surfaces of the cell. 
Also cells may have to operate a t  high temperatures for extended periods (say 20 
years), and i t  is considered that additional high temperature stability is required fc r  
concentrator cells. Some success has been achieved by using diftusion barriers tc 
minimize interlayer movement; silicon concentrator cells with TIN barriers have 
survived heating above 6OO0C for long periods (5-1 hour) with l i t t le degradation, and 
this work continues. 
The higher temperatures can also lead to accelerated corrosion rates  (d8)  when 
the cell is operating in the field; at present passivating layers (eg. Pd with Ti Ag) a r e  
used, but more testing is needed to show tha t  this is not a severe operating problem. 
The bonding of interconnects to concentrator cells ( # 7 )  involves the use of more 
massive interconnects (to reduce resistive losses), combined with larger bonding areas  
on the cells. The back surface must be well bonded to the substrate, to increase heat  
t r  arisf e r  . 
CONCLUSIONS 
Although there  a r e  some areas  not completely resolved, the  results obtained with 
concentrator cell contacts suggest tha t  the resistive loss models used a re  
satisfactory. The metallization behavior under the increased operating stresses 
supports the conclusion tha t  for cells operating around one-sun levels, that  some of 
the present metallization systems a r e  adequate. More work is required however, 
when compromises a r e  required between the metallization methods available, and the  
cost constraints of the cell or array processing methods. 
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Table 1 . Cell Metallization Requirements 
# REQU IREMENT 
1. 
2. 
3.  
4. 
5. 
6. 
7. 
8, 
9. 
10 I 
11. 
12. 
13. 
14. 
- 
- 
- 
LOW LUNTACT RESISTANCE TO SEMICONDUCTOR ( N  AND P I .  
HIGH CONDUCTIVITY TO DFCREASE RESISTIVE LOSSES. 
EASILY PATTERNED INTO GRIDS. 
MINIHIJM CHANCE OF GRID ACTING AS FUSE. 
GOOD ADHESION 
GOOIJ HIGH TEMPERATURE STABIL ITY  (UNDER SINTERING TO 
REDUCE CONTACT RESISTANCE, IWROVE AR COATING, OR 
UNDER OPERAT I NG C O N  I T  I ONS) , 
EASILY BONDABLE (BY SOLDERING OR WELDING) 
M l N l F l l t i  ‘CORROSION. 
SI W L E  METAL STACK. 
COWAT I BLE w I TH CELL FEATURES (TEXTURING, SHALLOW 
XJ).  
LOW COST (tl,’:,RIALS, DEPOSITION), EASILY APPLIED, 
LOW DENSITY TO REDUCE WEIGHT (SPACE-USE). 
THERML EXPANSION CLOSE TO SEMICONDUCTOR (ESPECIALLY 
ON BACK SURFACE). 
GOOD AT LOW TEMPERATURES (SPACE-CELLS) 
Figure 1. Resistive Loss Modeling 
SELECT Jsc, Voc, CELL DIMENSIONS, 
COMPUTE POWER LOSS COMPONENTS. 
MIN IMIZE SUM OF RESISTIVE AND SHADING LOSSES. 
EST I ElATE OPERAT I NG CFF, Jsc , Voc AT VAR I OUS I NTENS I T I ES. 
SELECT OPT I MUM GR I D  PATTERN, 
JET-UP RES 1 STOR NETWORK. 
U N C I  UCE GOOD AGREEMENT BETWEEN EXPER I MEN1 AND PRED I CT I ONS , 
INFER THAT BASlC MODEL IS VALID AND CAN APPLY TO ONE-SUN 
OPERATION, INCLUDING LARGE AREA CELLS, 
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OF POOR QUALln 
Figure 2. Curve Fill Factor versus Solar Concentration 
162 

Figure 4. Increased Operating Stresses 
o ADHESION - FOR TEHPERATURE CYCLING, BONDING. 
o HIGH TEMPERATURE STAB1 L I TY - PROCESS SI NTEB I NG 
- OPERAT I NG CONDITIONS 
- DECREASED CORROSION 
TESTING DIFFUSION BARRIERS, Sl f lPLE STACKS AND 
PASS I VAT I NG LAYERS, 
o BONDING - THICKER INTERCONNECTS 
- LARGER BONDliJG AREA 
- THEtKAL CONTACT 
Figure 5. Conclusions 
o RESISTIVE LOSS ANALYSIS IS VALID, SINCE CONCENTRATOR 
CELLS PROVIDE TEST UNDER VERY SEVERE CONDITIONS, 
o BEHAV!OR OF CONCENTRATOR CELLS UNDER ENHANCED OPERATING 
STRESSES SUGGESTS V A T  HIGH COST CONTACi SYSTEMS HAVE 
PROMI SEI 
o flORE WORK I: REQUIRED FOR LOU COST CONTACT SYSTEMS TO 
MEET MOST REQUIREMENTS EVEN AT ONE-SUN LEVELS, 
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DISCUSS ION 
WONG: Do you have any grid line patterns available here? 
ILES: I don't have any here, you have to know what the concentrator 
intensity distribution is and what the size is; that's fairly obvious. 
They are all custom made, there i: no such thing as a standard 
concentrator, there are several liaear focus systems in darious sizes 
and several point-focus, so that if you have an intensity and you have 
some idea of what the distribution is then we can find a pattern close 
t o  it. If you are just talking hypothetically we can send you a picture 
of a thing that looks .ery pretty with lots of lines on it, but if ycu 
have a Fresnel with a lOOX lens, which may have a half-inch focused 
image, that's how we can design a cell with fairly precise dimensions. 
BICKLER: Pete, is it true that the concentrator cells are shallow diffusion, 
slanted toward tile blue response? 
ILES: Yes, when you do t.,is analysis, when you put the grids close together, 
the sheet resistance then becomes negligibly small. 
BICKLER: Oh, I was going to say, it souids like a paradox in that there is an 
advantage to over-shadowing, as you mentioned, in the metallization 
system to reduce the series resistance. 
parallel with the diffusion depth and that's a lack of transmission or 
analogous to a shadow, and well worth the -- 
I would assume you drad a 
ILES: That's true, but the scale of the two is so different -- it is typic !1 
to say 50X -- you are getiing 3% or 4% shadowing and maybe 5% or 6% 
total resistive lcss. If you go to 400X then you slide thc shadow mask 
up t J  about 10% by putting more lines closer together. Putting the 
lines closer together is not to reduce the sheet resistance, it is to 
reduce the power through the zrid lines. The grid lines are the more 
import ant res i s tor block. 
CAMPBELL: Am I correct that the concentrator cells have a generally lower 
resistivity base than -- 
ILES: They generally are, particularly for high concentration, ab---? about 
50X or lOOX, but they have been good; typically the ones that are made 
in the range of 0.1 to 0.3 or 0.4 ohm-cm, and have 1017 carriers per 
cubic meter, but there have been some quite gooi cells made with 1 
ohm-cm, with high-quality material, and there have even been some made 
with io  ohm-.cm but they were thin, they were 2 mils thick, so that the 
bulk loss was reduced. 
CAMPBELL: Other than putting this number into these equations, would t3is L - v !  
any effect on the contact pattern? 
ILES: No, there is a discrete bulk loss in the equation, *<Yen I can calcalate 
that one, but apart from that, no problem, if yotr to put it with a 
web you could easily calcJlate thc pattern. 
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CAUPBELL: Are not a number of concentrator cells p on n? 
ILES: Yes, the ones that Sandia made with great success are p on n; the ones 
that we make are n on p and p on n. 
on n m’sht be a little better as you go to higher intensities because 
the Dember effect is assisting yo-1. No one has seen that >et; the 
resolution of all the other variables hasn‘t been good enough, but we 
also haven’t seen conductivity modulation in either of them up to lOOOX, 
which is also predicted by theory. 
There is a theoretical reason why p 
lo6  
SESSIONS I AND I1 GENERAL DISCUSSICN 
GALLAGHER: We have a l i t t l e  t i m e ;  maybe n w  would be a good t i m e  fo r  people 
t o  s top  and think a minute about whether o r  not  any quest ions about the  
f i r s t  two sess ions  have occurred t o  them. 
SOnBERG: I have a quest ion f o r  Gordon Hon: on the  two modules you showed in 
Rlock 111, you sa id  one was PVB, and you thought t he  one from Applied 
Solar was EVA. Whether it was real ly  EVA or 
not?  In 
some of the  ear ly  modules, p a r t i c u l a r l y  with t h e  pr in ted  s i l v e r  
formula -oris, many people were using a hydrof lucr ic  ac id  d i p  t o  improve 
the curve shape and I suspect ,  through my own experiments and t a lk ing  
with o thers ,  t h a t  t he  HF was not neutral ized.  Witk PVB there  i s  an 
acid-catalyzed cross l ink ing  tha t  darkens the PVB and t h a t ' s  a r e s u l t ,  
not of the metal per se, but of the  acid i n  the sys tem,  
wondering i f  the second was  EVA, t he  yellowing was EVA or  was r e l a t e d  
possibly t o  acid-catclyzed reac t ion  l i k e  i n  the  f i r s t  one with PVB. 
Could you confirm t h a t ?  
I would l i k e  to br ing  out  a point of what I an t a lk ing  about. 
That ' s  why I am 
MON: I j u s t  can ' t  remember a t  the moment. 
SOMBERG: Well, maybe Peter ( I l e s )  could answer. 
GALLAGHER: I might add t h a t  regarding the  series of viewgraphs tha t  I got 
from Springborn, I had a v e r y  sho r t  conversation with Paul, Willis. 
had looked a t  the same s t r u c t u r e s  with PVB, and PVS was worse, s l i g h t l y  
worse, than EVA. I picked EVA because it was the  bes t  of the actors .  
If  you wanted t o  put them i n  some sequence of p r i o r i t y ,  EVA and PMA 
were qu i t e  good; PVB was next ,  and I don't think he locked a t  RTV. 
He 
MON: W e l l ,  d i f f e r e n t  companies who make modules have seen t h i s  probletc arrd 
they a l l  go t o  t h e i r  cheluists and they a l l  come up with a d i f f e r e n t  
answer a s  t o  vhat i s  going on. You j u s t  brought up t h i s  business about 
hydrofluoric  acid washing; w e l l ,  I have a l s a  heard about a s imi la r  
problem with etching. You know they  US^ hydrochlor ic  ac id  t o  e t ch  when 
using a pkotores i s t  and then they don't get  r i d  of the  ch lor ine  so 
t h a t ' s  why i t  is y e l l o w .  ARC0 looked a t  the  problem with t h e i r  modules 
and they came up with a f ree-radical  theory,  t h a t  we heard from 
Gallagher, which caused color  centers .  I 've  heard o the r  people with a l l  
d i f f  :nt types ot explanations; they a re  probably a l l  r i g h t  fo r  t h e i r  
systems. The problem is t ha t  w e  don't  kaow the d e t a i l e d  compositton of 
a l l  these formulations -- t"c; are proprietory and they a ren ' t  going t o  
t e l l  us .  So we j u s t  have t o  c l a s s i f v  according t o  broad ca tegor ies  l i k e  
s i l v e r  system or  n icke l  system -- we r e a l l y  don't  know what other  
compound metals ,  or what have you, a r e  i n  those systems. So w e  are kind 
of a t  a disadvantage. 
SOMBERG: I think I brought the point up t o  separa te  the  issue of metal 
catalyzed react ion versus something, possibly se;cnda:y, t ha t  -as usea 
i n  the processing t h a t  resu l ted  i n  the da.kening of t h o  PVB. 
MON: 'Chat could w e l l  be. 
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NAZARENKO: Another problem with polyvinyl  b u t y r a l s  i s  t h a t  they g e n e r a l l y  
have a r e l a t i v e l y  law g l a s s  t r a n s i t i o n  temperature ,  t y p i c a l l y  below 
60°; now you're  working above t h a t  temperature ,  so t h e  material is  
going t o  s o f t e n  and t h a t  w i l l  enhance moi s tu re  p e n e t r a t i o n .  
GALLACHER: One o t h e r  t h i n g  I might s ay ,  you t a l k e d  about acid-catalyzed 
r e a c t i o n s .  One of t h e  r e a c t i o n  p roduc t s  of the decomposition of EVA 
should be a c e t i c  a c i d ,  and tkey don ' t  see any acet ic  a c i d ,  no r  do they 
smell it. Its odor is the easiest way of f i n d i n g  out  whether it is 
p r e s e n t ,  so t h a t  is  why they f e e l  t h a t  i t  is  a f r e e - r a d i c a l  reaction and 
it is  the  hyperp2roxiAe t h a t  is caus ing  t h e  deg rada t ion  i n  EVA. I don ' t  
know anything else a3out PVB. 
NAZARENKO: There shc i ~ c i  be some hyp:zperoxide l e f t  a t  t h e  end of t h e  
degradat ion,  and t h e r e  are very s imple tests tha t  you can use - 
q u a l i t a t i v e  tests -- f o r  hyperoxide i n  everi small amounts; t h a t  can be 
e a s i l y  de t ec t ed .  
GALLAGHER: I am s u r e  t h a t ' s  why they came up wi th  t h i s  system. 
AMICE: Presumably t h e  s t a b i l i z e r s  t h a t  are i n  there would t a k e  care of it 
for a while ,  and t h a t  may be why you have no  degrada t ion  and then a l l  c. 
a sudden it f a l l s  o f f  t he  c l i f f .  If you change t h e  concen t r a t ion  of 
t hose  va r ious  a d d i t i v e s  you mignt de l ay  t h e  onse t .  
GALLAGHER: Yes, I agree with you wholeheartedly,  and you have t o  rerrember 
t h a t  t h i s  was P a u l ' s  ( W i l l i s )  f i rs t  c u t  a t  i t ,  h e ' s  looking a t  "is t h i s  
t h e  c o r r e c t  d i r e c t i o n  t o  go'' and he wasn't  lucky enough t o  f a l l  on t o p  
of t h e  c l i f f  and s t a y  the re .  He d i d  push i t  o u t  a l i t t l e  b i t ,  but  i t  i s  
t h e  r i g h t  d i r e c t i o n .  Anything e l s e ?  How about t h e  f i r s t  s e s s i o n ?  
BICKLER: The f i r s t  p r e s e n t a t i o n s  l e f t  an impression of t h e  hopelessness  of 
some of t h e s e  high-eff ic iency g o a l s  t h a t  are being expounded. 
t h a t  I heard Pe te r  I las  mention -- I don ' t  t h i n k  i t  got  enough emphasis 
-- is t h a t  a 14% space c e l l  a t  AM0 is not t o  be compared on t h e  same 
s c a l e  with a 12% terrestrial  because of t h e  s p e c t r a l  c h a r a c t e r  going t o  
A?!l. Of course,  t h i s  involves  a s p e c t r a l  response t o  t h e  c e l l s ,  but  you 
c e r t a i n y y  pick up an e f f i c c e n c y  p o i n t ;  a 144 space c e l l  is  s t a r t i n g  t o  
crowd 16% a t  AMI. 
A po in t  
GALLAGHER: What do yoti use as a c o r r e c t i o n  factor -- 1.18? 
ILES: 1.15. 
BXCKLER: That is t h e  spectral .  response t h a t  P e t e r  ( I l e s )  i s  f a m i l a r  with,  so 
somebody's d i f f u s e d  a d i f f e r m t  j u n c t i o n  depth or something there .  You 
know, I don ' t  want t o  g ive  the  impression t h a t  1.15 is  a chiseled-in-  
s tone  number, but  t he  po in t  is  t h a t  t h e  g o a l s  t h a t  have now been se t  -- 
I guess I c a n ' t  speak €or the 30 y e a r s  -- i n  terms cf e f f i c i e n c y  are not  
a s  bad as they may have appeared to  be i n  t h e  first p r e s e n t a t i o n .  
GALLAGHER: I t h ink  ' - have heard a couple  of good t h i n g s  today about 
e f f i c i e n c i e s  ' m e t a l l i z a t i o n .  Marc N i c o l e t ,  f o r  example, when he s a i d  
"Hey, t h e r e  i s  hope." That made me f ee l  good; I th ink  I would like t o  
ask Bob Campbell a queFtion on d e n d r i t i c  web -- nobody has t a l k e d  s h e e t  
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forms, but Westinghouse is running a kind of miniline and doing great 
things with it, or lots of things with it. bob, what kind of 
efficiencies are you getting out of that line right now? 
CAMPBELL: The average efficiency with our baseline process at the moment -- 
liquid boron dopant on the back and gaseous POCl3 on the front -- the 
average efficiencies are aboct 13.2% in a fairly wide range from around 
11 up to about 16. 
GALLAGHER: I think that is significant. 
CAMPBELL: I should mention these are on 2 X 10 cells, 20 cm2 cells. 
GALLAGHER: Now, if only ARC0 would tell us their distribution. I think the 
point is, when we started this program many years ago, attempting to qet 
a 10% module was absolutely fantastic and people were really worried 
about it. 
cells or the best cellt they could make were pretty darned low. We have 
come a long way. 
The efficiencies that people were getting out of Czochralski 
WOLF: I just came from another meeting last week and we decermined that a 
number of organizations can regularly make over 17% efficiency on some 
cells, and possibly upward to the low lb% range, but 17% is certainlv 
within existing capability. Also, part of this accomplishment is a 
metallization level that I think is higher than Ron Daniels explained to 
us. There are several people who can regularly make metallization 
patterns that ccmbine shading and (Joule) losses of 5% or 5 1/2%, and 
not the 8% that Ron Daniels had on this efficient frontier. 
DANIEL: What total area are you aescribing, since the shading loss described 
was for 100 cm2? 
WOLF: I was also talking about 100 zm2 cells. People can get this quite 
You can't use 
readily. You have to use strapping over the bus lines. You have to use 
narrow grid lines. 
sintered matter. 
conductivity you can get in copper or silver. If you control it you can 
get 5 % ,  and there are various metallization systems. Copper has been 
used by some people. It is usually piating; it is not a paste system 
that gets you to high efficiency. 
You have to use thicker plating. 
You have to use biconductivity metals of the highest 
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EFFECTS OF PARTICLE SIZE DISTRIBUTION I N  THICK rT3I CONDUCTORS 
Robert GI. Vest 
h r d u e  Un ive r s i ty  
West Lafaye t t e ,  Indiana 47907 
INTRODUCTION 
The packing of  p a r t i c l e s  f o r  maximum d e n s i t y  is a problem o f  great im-  
w r t a n c e  i n  ceramic processing and powder metal lurgy,  b u t  i t  is even more 
c r i t i c a l  i n  t h i c k  f i l m  conductors because of t he  -Jery l o w  compacting pressur-  
es exe r t ed  du r ing  s c r e e n  p r i n t i n g .  The f i r e d  f i l m  d e n s i t y ,  and hence t h e  
e l e c t r i c a l  r e s i s t i v i t y ,  is i n t i m a t e l y  r e l a t e d  t o  t h e  d e n s i t y  of  t h e  metal 
compact which e x i s t s  a f t e r  t h e  o rgan ic  c o n s t i t u e n t s  of t h e  ink  have been re- 
moved i n  t h e  e a r l y  stages of  f i r i n g .  This  green d e n s i t y  is even more im- 
po r t an t  i f  t h e  f i r i D g  cannot be  c a r r i e d  o u t  a t  a s u f f i c i e n t l y  high temper- 
a t u r e  due to l i m i t a t i o n s  imposed by the  s u b s t r a t e .  The coord ina t ion  number 
(CN) and the  f r a c t i o n a l  p o r o s i t y  (P) f o r  t he  packing of s p h e r i c a l  p a r t i c l e s  
is shown on page 2 f o r  v a r i o u s  geometries.  The case of  random packing is of 
most i n t e r e s t ,  and previous workers have d i s t i n g u i s h e d  two types  - dense and 
loose rai-'om packing. The coord ina t ion  numbers shown on pap,e 2 f o r  t h e s e  two 
cases  we! experimental ly  obtained as were the  p o r o s i t y  numbers. The porosi-  
t y  of 0 . 3 6 3  a l s o  given f o r  dense random packing, w a s  ob ta ined  by computer 
s imulat ion.  
THEORETZCAI MODELS -- 
A d i s t r i b u t i o n  of particle s i z e s  can b e  used t o  dec rease  t h e  p o r o s i t y  
a s s o c i a t t d  with packing of  monosized spheres .  The two primary approaches 
t h a t  have been taken t o  code l ing  t h i s  problem are shown on page 3. 
apnroach A, a s i n g l e  sphe re  of t h e  l a r g e s t  p o s s i b l e  i z e  is i n s e r t e d  t o  f i l l  
t h e  i n t e r s t i c i e s  i n  t h e  packed bed. 
particles t o  f i l l  t h e  po ros i ty .  The methods of modeling wi th  Approach A 
are given on page 4. Since t h e  experimental  coord ina t ion  numbers ob ta ined  
f o r  random packing are c l o s e  t o  t h a t  c f  body c e n t e r  cub ic  packing, one can 
assume BCC and f i l l  a l l  of t h e  t e t r a h e d e r a l  sites wi th  small spheres .  Since 
t h i s  is a r e g u l a r  geometric packing, t he  r a t i o  of sizes of t h e  sphe res  can 
be e x a c t l y  c a l c u l a t e d  as 0.291. The volume f r a c t i o n  of smaller sphe res  t o  
e x a c t l y  f i l l  a l l  t h e  t e t r a h e d e r a l  s i tes  is 0.129. g iv ing  a p o r o s i t y  f o r  t h e  
two s i z e d  s y s t e m  of 0.219. However, t h e  packing is not  real- ly  body cen te red  
cubic,  and the  b e s t  approach t o  determining t h e  s i z e  and q u a n t i t y  of sphe res  
t o  add is by computer modelinp,. The model developed by approach B is de- 
s c r i b e d  on page 5 .  I f  i t  is assumed t h a t  t t e  second s i z e  sphe re  is very 
small compared to t h e  f i r s t ,  t'ien a l l  of them can go i n t o  t h e  p o r o s i t y  of 
t he  larger spheres .  Since t h e  p o r o s i t y  of  any packed bed depends only on 
t h e  Coordination number, i t  can be assumed t h a t  t h e  f r a c t i c n a l  p o r o s i t y  i n  
mch  i i z e  f r a c t i o n  is  the same. With these two assumntions,  t he  volume 
Vi th  
Approach B i n s e r t s  many very small 
.n of the small s i ze  can b e  c a l c u l a t e d  i n  terms of t h e  p o r o s i t y  for 
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packing of  t h e  l a r g e r  size.  
square of t h e  poros i ty  of one size. 
many d i f f e r e n t  sizes of particles as shown on page 6. 
The f i n a l  p o r o s i t y  t u r n s  o u t  t o  b e  simply t h e  
This model can e a s i l y  be extendea t o  
The r e s u l t s  from applying approach A and approach B t o  two s i z e s  of 
spheres  are summarized on page 7 f o r  d i f f e r e n t  packing geometries of t h e  
l a r g e  s i z e .  
ed cubic  packing. 
random and loose  random packings were c a l c u l a t e d  using t h e  equat ions  on 
page 5 and t h e  appropr ia te  poros i ty  from page 2 f o r  approach B,  and by com- 
puter  modeling f o r  approach A. 
meter of t h e  smaller and t h e  l a r g e r  spheres  should b e  very  small, and f o r  
t h e  l o o s e  random packing, t h i s  ratio should b e  less than 0.006. The o r i g i n  
of t h i s  riumber is descr ibed on page 8 in terms of a h y p o t h e t i c a l  experiment; 
t o  start with a l a y e r  of small spheres  on top  of  a l a y e r  of l a r g e  spheres ,  
and then mix t h e  two  s izes  and c a l c u l a t e  t h e  change i n  volume. A parameter 
y, which is a funct ion  of r a t i o  of p a r t i c l e  sizes,  is int roduced,  and an 
experimental  va lue  of y is u t i l i z e d  t o  c a l c u l a t e  t h e  poros i ty  i n  terms of t h e  
r a t i o s  of s o l i d  volumes and r a t i o s  of s o l i d  diameters .  This equat ion is 
p l o t t e d  on page 9 as t h e  poros i ty  as a f u n c t i o n  of volume f r a c t i o n  with size 
r a t i o  as a parameter. A t  t h e  optimum volume f r a c t i o n ,  t h e  p o r o s i t y  is 0.16 
as predic ted  f o r  loose  random packing i f  t h e  r a t i o  d2/d1 is zero. If t h i s  
r a t i o  is 0.006, t h e  poros i ty  becomes 0.17. Previous researchers  have s t a t e d  
tkat t h e  approach B model can b e  u t i l i z e d  as long as t h e  r a t i o  of s i z e s  is 
less than 0.2,  but  t h e  p l o t  on page 9 shows t h a t  t h e  c o r r e c t i o n  a t  0.2 is 
very la rge .  A d i f f i c u l t ; .  wi th  e i t h e r  approach A or B is t h e  uniformity 
of mixing of t h e  two s i z e s ,  and t h i s  problem has  been addressed by introduc-  
i n g  a mixedness parameter (N) a s  descr ibed on page 10. Values of M can 
only be obtained experimental .  
The c a l c u l a t i o n s  are exact f o r  t h e  s imple cubic and body center -  
The volume f r a c t i o n s  and p o r o s i t i e s  given f o r  t h e  dense 
For approach B, t h e  r a t i o  between t h e  dia-  
There are some s p e c i a l  problems i n  applying t h e  t h e o r e t i c a l  models t o  
th ick  f i l m  conductors as l i s t e d  on page 12. No one has  s t u d i e d  t h e  mixed- 
ness  parameter f o r  r o l l  m i l l  blending of t h i c k  f i l m  inks ,  so no va lues  a r e  
a v a i l a b l e  f o r  c o r r e c t i o n  f a c t o r s .  For a l l  t h i c k  f i l m  conductors,  a t  least 
one a d d i t i o n a l  phase is added i n  order  t o  develop adequate adhesion to t h e  
s u b s t r a t e .  Even though t h e  g l a s s  f r i t  o r  base metal oxides  are present  i n  
small concent ra t ions  r e l a t i v e  to the  metal, they s t i l l  can i n f l u e n c e  t h e  
packing of t h e  metal p a r t i c l e s .  The th ickness  of t h e  f i l m s  is a l s o  a 
s p e c i a l  problem because conta iner  e f f e c t s  have been observed i n  s t u d i e s  of 
random packing of spheres .  
EXPERIMENTAL CONDUCTORS 
A pla t inun  t h i c k  r1 .q  conductor having t h e  requirements l i s t e d  on page 
13 was needed f o r  a p r r ,  - t  i n  t h e  Turner Laboratory a t  Purdue Univers i ty .  
It was decided t o  t r y  apprzach B t o  achieve  high d e n s i t y  using t h r e e  d i f -  
f e r e n t  s i z e  platinum p a r t i c l e s ,  In  order  t o  achieve  t h e  d e s i r e d  r a t i o  be- 
tween diameters of success ive  s i z e  canges, the  s m a l l e s t  s i ze  was formed i n  
s i t u  by decomposing a platinum r q s i n a t e .  The v a r i a t i o n  of g r a i n  s i z e  w i t h  
f i r i n g  temperature of t h e  resinc.  e is shown on page 14. The s i z e  0.02 pm 
was assumed f o r  p a r t i c l e s  from t ,  is source  because that. was t h e  g r a i n  s ize  
corresponding t o  t h e  temperature a t  which a l l  of t h e  organics  had been re- 
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moved. 
The uniformity and p o r o s i t y  of t h e  f i l m s  were t h e  primary c r i te r ia  used f o r  
judging q u a l i t y .  The optimum volume f r a c t i o n s  of t h r e e  s i z e s  as pred ic t ed  
by t h e  model f o r  approach B is 64-26-10, as given on page 6. This  i n k  d i d  
g ive  lower p o r o s i t y  thar. any of  t h e  one or two * i z e  i n k s  s t u d i e d ,  b u t  was 
no t  as good as t h e  l as t  two i n k s  on page 15. These inks  had compositions 
a r r i v e d  a t  empi r i ca l ly .  
a t  t h e  top  and boitom of page 15 are shown on page 16, and i t  is obviovs 
t h a t  s e l e c t i o n  of p a r t i c l e  s i z e s  o f  t h e  conductor can make a very s i g n i f i c a n t  
d i f f e r e n c e  i n  f i l m  mic ros t ruc tu re .  
The r e s u l t s  ob ta ined  wi th  e i g h t  d i f f e r e n t  i n k s  are given on page 15. 
The d i f f e r e n c e  i n  m i c r o s t r u c t u r e  between t h e  i n k s  
4nother experimental  program had t h e  goal t o  develop s i lver  conductors 
with t h e  requirements given on page 17. 
and c o s t  was a very s i g n i f i c a n t  f a c t o r .  The primary c r i t e r i o n  used f o r  
eva lua t ing  v a r i o u s  inks w a s  t he  conductance per  gram of s i l v e r ,  o r  t h e  
s p e c i f i c  conductance as de f ined  on page 13, I f  one t akes  t h e  r a t i o  between 
t h e  s p e c i f i c  conductance of t w o  f i l m s ,  t h e  r e s u l t  i s  independent of t h e  
f i l m  geometry. The s i l v e r  inks were formulated as desc r ibed  on page 19, and 
t h e  r e s u l t s  w i th  6 d i f f e r e n t  mixture? of  p a r t i c l e  s i z e s  are given on page 20. 
Ink 6, which contained on ly  si lver p a r t i c l e s  17 urn diameter ,  was no t  an 
e l e c t r i c a l  conductor because t h e  very l a r g e  s i l v e r  p a r t i c l e s  d i d  n o t  s i n t e r  
du r ing  the  f i r i n g  a t  625OC f o r  10 minutes. The r a t i o  of 70-28-2 for t h e  
f r a c t i o n s  of t h r e e  d i f f e r e n t  s i z e s  i n  i n k s  1, 2 and 3 i s  c l o s e  t o  t h a t  
p red ic t ed  by t h e  t h e o r e t i c a l  model of approach R ,  b u t  w a s  a r r i v e d  a t  
empi r i ca l ly .  It can be  seen from page 20 t h a t  i n k  No. 1 with t h r e e  s i z e s  
uf s i l v e r  p a r t i c l e s  had a h ighe r  s p e c i f i c  conduc t iv i ty  of any of  t h e  f i l m s  
with on ly  s i n g l e  s i z e  p a r t i c l e s ,  b u t  t h e  o t h e r  two mixtures  d i d  not  have as 
high a s p e c i f i c  conduc t iv i ty  a5 two of  t h e  monosized inks .  The r a t i o  be- 
tween success ive  s i zes  f o r  t h e  t h r e e  mixed s i z e  i n k s  is shown on page 2 1  
along with t h e  s p e c i f i c  c o n d u c t i v i t y  r a t i o .  These r e s u l t s  r e f l e c t  t h e  in- 
f l uence  of  t h e  a b s o l u t e  s i z e  of t h e  l a r g e s t  s i lver  p a r t i c l e s  and its in-  
f luence  on s i n t e r i n g ,  as w e l l  as t h e  e f f e c t  of  t h e  r a t i o  o f  s i z e s ,  p a r t i c u -  
l a r l y  between t h e  l a r g e s t  and nex t  l a r g e s t  (d2 /d l ) .  
No. 1 are c l o s e  t o  those  c z l c u l a t e d  for dense random pack] -g by approach A 
(see page 7). 
This w a s  f o r  a consumer a p p l i c a t i o n ,  
The s i z e  r a t i o s  f o r  i n k  
SUMMARY 
The conclusions t h a t  can be  drawn from t h e  s t u d i e s  of  p a r t i c l e  s i z e  
d i s t r i b u t i o n  i n  t h i c k  f i l m  conductors are summarized on page 22. 
d i s t r i b u t i o n  of p a r t i c l e  sizes does have a n  e f f e c t  on f i r e d  f i l m  d e n s i t y  
but t h e  e f f e c t  is no t  always p o s i t i v e .  A proper d i s t r i b u t i o n  of  s i z e s  is 
necessary,  and wh i l e  the theo-- t ical  models can serve as guides t o  select- 
ing  t h i s  proper d i s t r i b u t i o n ,  improved d e n s i t i e s  can be  achieved by em- 
p i r i c a l  v a r i a t i o n s  from t h e  p r e d i c t i o n s  of t h e  models. 
Re  
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Page 2. Packing of Spheres 
GEOMETRY 
Closest Packed 
Body Centered Cubic 
Slmle  Cubic 
Dense Random 
Loose Random 
P - CN - 
12 0.26 
8 0.32 
6 0.48 
0 I .'b 
0,363' 8.5' 
7.1' 0.40b 
a. J,C. Berm1 and J. Hason, Nature, m, 910 (1360). 
b. G.D. Scott, Nature, m, 908 (1960) 
c. C.H. Bennet, J. A w l ,  Phvs., 9, 2727 (1972). 
Page 3. Two Models for Packing Two Sizes of Spheres 
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Page 4. Approach A 
1. Assume BCC Slnce CN - 7 . 1  - 8.5 
N spheres (dl) In  IlCC mocking 
6N tetrahedral sites 
3N octahedral sites 
f 1 I1 the larger tetrahedral sites w i  th spheres (d2) 
d2/dl I 0.291 
v 2  - 0.129 
Porosity - 0.219 
2. Comouter Modeling 
Best Amroach 
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Page 5. Approach B 
VI, V2 - solid volune of each size 
P1, P2 - W r e  volune associated with each slze 
Assune size 2 goes into the wrosltv of size 1 (d2/dl very small) 
v2 + P2 - P I  (1) 
A s s m  size 1 and size 2 have the some wcking. Then the w r e  
fraction wlll be the some. 
p - 2 -  - p2 
V1+P1 V2+P2 
Combining E3s. 1 and 2 gives 
v 2 . p  
"1 
v + v  Porosity - 1 - 2 - p2 
71 + P1 
(2)  
( 3 )  
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Page 6. Approach B (Cont'd) 
Sizes 1, 2, 3, ,.,.., I ,  ..*, n 
ASSMR? d l+ l /d i  < 0.01 
Assume a l l  slzes hove the sane wck lng  
Then 
V l + l ' V l  - p 
A n d  In general 
ExQmk 
3 slzes, P - 0.4 
w1 - 0.64 
q - 0.10 ~2 = 0.26 
Page 7. Two Sizes of Spheres 
-- 
Pocklng of  Slze 1 A B  A B A  B 
Simple Cublc 0.28 0,32 0.73 *O 0.27 0.23 
Body Centered Cublc 0-13 0.24 0.29 4 0,22 0.10 
Dense Random 0.17' 0,27 0.22- 4 0.23' 0,13 
0,6 
mode - 
0,26' 
Loose Random - 0.29 - <0.006 - 0.16 
'H.J, Frost and R, Rai, Corn. An. Cerom. SOC., C-19, l c ~ r u o r ~  !1982', 
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ORIGINAL PAGE IS 
OF POOR QUALITY 
Page i3. Approach B: Layered Bed 
5- p2 
P -  P1+V1 - P2+V2 
.1X THE TWO SIZES 
V 2 
A v m x  - v2 + p2 - 1-P 
Y 1 for  dp/dl 0 A v - y A v m O x  
y - 0 for d2/dl - 1 
'C.C. Furnos, Ind. Eng, Chem., a, 1052 (1931) 
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ORIGINAL PAGE 
OF POOR QUALm 
Page 9. Effect of Size Ratio on Porosity With Approach B 
" 2 4  
I I I I I i i1 
0.15 0.2 0.25 0.30 0 0.05 0. I 
"2 
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Page 10. Uniformity of Mixing 
A Problem for Awroaches A ond B 
Introduce a degree of mlxedness w r m t e r  (H) 
H - 1 - 6/[~2(1-U2U ’’* 
6- std. aevlatlon of colnPosltiono1 variations 
A proposedo relctlonshlo IS 
where B, B, and B, ore bulk densities of real mlxtures, o fully 
umlxed system. and an ldeally mlxed system, resPectlvelv. 
Later workb has shorn, that PI and B (or flnal porosity) are mt 
unlouelv related, and o statistlcal aPDroach must be taken. 
a. D.W. Fuerstenau and J. Fouladl, Am. Cera. Soc. Bull., 
46, 821 (1967) 
b. G.L. Rsslng and C.Y.  Onocb. J. Am. Ceram. Soc., 63, 
1 (1978) 
Page 11.  
Theoretical studles’ predict and exwrlmentol studles’ conflrm 
thot the maxlmun correctlons due t o  M occur near the oPtlmun 
values of  V, predlcted by either Amroach A or Amroach B. 
TyPlcal Ponder mlxlng tdmloues give M values of 0.77 to 0.96. 
M values for roll m I ! l  blendlng of thlck film lnks? 
a,  C,L. Messlng cnd C . Y .  Onoda, J .  Am. Ceram, Soc., u, 1 (1978) 
D. C.L. Messtng and G.Y. Onoda, J. k,  Cera, Soc., & 363 (1978) 
Page 12. Special Problems With TF Conductors 
n1xedness 
Presence of Glass Frlt 
Availabilltv of Sited Ponders 
Alloying Reactlons 
Film Thlckness 
Page 13. Platinum TF Conductors 
Requ 1 remen t s 
1. No metal other than o l o t i n m  
2. SInele orlnt  
3. HfsheSt wssfble density 
4. Highest wsslble unlfonnftv 
5. Fire at 8M°C (0.55 1,) on almlna 
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ORIGINAL PAGE 1% 
OF POOR QUALL’iY 
Page 14. Variation of Grain Sizes With Firing 
Temperature of Platinum Resinate 
50 
40 
Firing Tine - 10ninutcs 
30 
20 
C 
9 
W 
- 
2 
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Page 15. Platinum Powders 
d l - 3 O u I I  
d 2 - l U n  
d3 - 0.02 M (frm resinate) 
ExPertmntal Platlnun Conductors Flred a t  850OC. 
L Dlfferent Shes 
dl *2 d3 Remarks 
100 very wrous, l a r e  open areas 
vem mrous, uniform 
50 large o m  areas 
20 closed wres 
10 low WfOSttY 
26 10 loner Porosity 
9 4 very low w r o s l  t Y  
10 2 lowest poros! rv 
--I 
185 
o ~ ~ ~ N A L  F W ?  yg 
POOR frttr;cin 
Page 1 6. Experimental Platinum Conductors 
in Transmitted Light i 1 90x1 
Page 17. Silver TF Conductors 
Rewirements 
1. Lowest possible cost (highest possible 
sPeclflc conductance) 
2. Slngle orlnt 
3. Very unlform fllms 
4. Fire at 625% (0.73 Tm) on POS 
Page 18. Specific Conductance Ratio (STR) 
swclflc conductance - SC - fj 
G - conductance of fllm 
W - welght of f i l m  
p - flim reslstlvitv 
d - fllm density 
A -  fllm length 
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Paga 19. Silver Inks 
Jnorsanlc Constituents 
1. 95 W o  silver of various wrticle slzes or mixtures 
of different wrtlcle sizes 
2. 5 w/o glass of cmsltlon 72 w/o PbO - 14 n/o E203 - 
14 w/o S102 sieved to -170 mesh 
Screenlno Agent 
1. 3 w/o ethel cellulose (N-300) 
2. 97 w/a d-terpineol 
Page 20. Composition and Specific Conductance 
of Silver Films 
Ink No. 
1 
2 
3 
4 
5 
6 
.65 
2 
- 
2 
2 
100 
- 
X of Ag Particle Slzes (ym) 
2 
28 
28 
7 
70 
11.5 
70 
17 
70 
100 
sc (S / rn )  
3.67 
1.43 
1.48 
2.45 
2.13 
0 
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Page 2 1.  Particle Size Ratios and Specific 
Conductance Ratios of Silver Films 
Page 22. Summary 
1. The dlstrlbutlon of metal wrtlcle slzes and the absolute 
shes affect flred film densltv. 
2, The Proper distributlon o f  metal wrtlcle slzes glves a 
hlgher density fllm than slngle slzed wrtlcles. 
3. The theoretical models can serve as guides to selectlw 
the proper dlstrlbutlon of metal wrtlcle slzes. 
4. Experimental studies are still required. 
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DISCUSSION 
WOW: I think probably in the real world you make a very fine particle and 
use coarse particles in your mix, and the very fine particles try to 
stick together and agglomerate by electrostatic forces, or align, so 
that is why you never have a mix completely as what you assume in the 
model. 
VEST: That certainly is true. In the platinum case, the second size I said 
were 1 micron. Well, the 1-micron were the agglomerate size. This was 
a platinum black, and the ultimate particle size was a few hundred 
Angstroms. Just because of what you were mentioning: there was 
agglomeration, and the agglomerate sizes were just about 1 micron. 
got this from SEM studies. Yes, that certainly is true. 
We 
WONG: In your model you are mixing two sizes, and this small particle size is 
supposed to fit in the hole. 
mass transport -- no aintering mass tramport occurring -- however, if 
you, from a sintering viewpoint, just use a fine particle size, just a 
single particle size, would that be better from a sintering viewpoint, 
from thermodynamics? 
What if you just assumed that there is no 
VEST: If you can get a high enough compaction to start with and you can go to 
the proper temperatures, a single-size, a small-enough-sized particle 
can give you very high densities of sintered mass, but if you have some 
constraints on your processing, then you can do better with a gradation 
of sizes. The presence of smaller spheres in the interstices of the 
bigger ones will enhance the sintering of the bigger ones, because as 
the smaller ones begin sintering they are also in contact with the big 
ones and they will attach themselves. So, as they begin to shrink, they 
give a compressive force to the bigger spheres and make them sinter more 
rapidly. 
presence of the smaller size. 
So you get enhanced sintering of the larger size due to the 
WONG: Again you have to assume that the small sizes go into the interstitial 
sites of the bigger ones. 
VEST: That is right. Again, if you are making a large body, using a single 
size, small size particle has many advantages, but for our conductors we 
don't want them to change dimetsions very much during firing. we want 
to keep our good line definition, so it is nice to have these big ones 
there, big particles that are forming the matrix, and then this isn't 
going to change much. 
smaller ones, enhance the sintering of the bigger ones, then we get 
closer to what we want, 
But then if we can fill up the holes in this with 
AMICK: Could you comment on why the 17-micron particles don't work better 
than the 7 in that silver-ink composition? 
VEST: It is because they are too big. The 17 by itself did not sinter; the 
mix did, and we get a number. 
AMICK: You have a bigger ratio difference with the 17 than you did with the 71 
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VEST: That i s  r igh t .  You have a bigger r a t i o  d i f fe rence  but you a r e  s t i l l  
not ge t l i ng  a s  much s in t e r ing  of the b ig  ones, which cons t i t u t e  the bulk 
of the silver, with the 17s as you a r e  with t k e  7s. 
these r e s u l t s ,  I think, a r e  ind ica t ive  of the f a c t  t ha t  you s t i l l  have 
very poor s i n t e r i n g  of the la rge  p a r t i c l e s ,  so t ha t  you have a l o t  of 
cons t r ic t ion  res i s tance .  You have very small s in te red  necks between the 
b ig  p a r t i c l e s  and so you a r e  ge t t i ng  cons t r i c t ion  r e s i s t ance  tha t  i s  
l imi t ing  the conductance. The presence of the  small p a r t i c l e s  did exert 
a force,  an influence,  in ge t t ing  s in t e r ing  but s t i l l  not as  much as  YOL) 
get  s t a r t i n g  with a 7-micron l a r g e s t  s ize .  
In  other  words, 
AMICK: Do you a l t e r  the r a t i o  t o  binder fo r  those two d i f f e r e n t  mater ia l s?  
Is there  binder i n  these systems? 
VEST: Oh, yes. Well, there  was when i t  was pr inted.  There was a screening 
agent used for  pr in t ing .  
AMIGK: Is there  g l a s s  a l so?  
VEST: Oh, yes. And it  i s  the same i n  a l l  of these. 
AMICK: The same r a t i o ?  
VEST: Yes. The same r a t i o  of metal t o  binder. 
GALLAGHER: In the r e a l  world, i n  some of these s o f t  metals l i k e  s i l v e r ,  how 
close a r e  they t o  being spher ica l?  
VEST: These p a r t i c l e s  a r e  very spher ica l .  They a r e  prepared tha t  way; the 
ones tha t  I used. You can get  spheres, you can get  f lake ,  you can ge t  
a l l  kinds of things.  
GALLAGHER: My second question involves f lake .  I think I have seen somewhere 
where spher ica l  powders have been mixed with f lake.  
xa t iona le  behind t h a t ?  
What is  the 
VEST: You have these flat:  p l a t e s  lying here ,  and you have l i t t l e  biL’l 
bearing between them; you get good contact.  
have heard used f o r  the adding the mixture of f l ake  and powder t o  simply 
a polymeric binder where you a r e  not f i r i n g ,  really. 
pressure contacts  when you have the l i t t l e  spheres contact ing t h e  f l ake ,  
so you w i l l  get cont inui ty .  You w i l l  break through the s t e a r a t e  coat ing 
tha t  had been on the s i l v e r s .  
That i s  the  r a t iona le  I 
You get  :.igher 
GALLAGHER: Would you care  t o  coament on tha t  s t e a r a t e  coat ing? 
VEST: Well, it is there.  It is  not a good e l e c t r i c a l  conductor. Somehow you 
have t o  overcame t h i s  i n  order t o  get  good conduction. 
GALLAGHER: Do you do i t  thermally,  or i s  i t  a t r i c k  of the  t rade? Any reason 
people don’t t a l k  about i t? 
VEST: I don’t know. There are some people here  t h a t  could probably coarment 
on tha t  but I am not one of them. 
STEIN: I thi k it is a trick of the trade. 
GALLAGHER: And here I thought only the plating people had problems and didn't 
want to talk about it. 
LANDEL: Regarding the question that was asked a moment ago about the 17- and 
Does the smaller particle in fact give you a lower 7-micron particles. 
sintering temperature? Is it small enough to get particle size efrects? 
VEST: Well, of course. 
LANDEL: The difference between 17 and 7. Does that lower the sintering 
temperature? 
work with 17 and you work with 7 -- 
If you just take that individual particle size and you 
VEST: I would end up with a larger ratio of sintered neck diameter to 
particle diameter for the 7 than for the 17 at the 6-25-10 minutes. 
That was the boundary condition on our process. 
LANDEL: Then that is the answer there. The smaller particle size, in fact, 
is easier to sinter. 
easier to sinter. 
It has a higher burface energy and therefore it is 
Sinters at a lower temperature. 
COMMENT: That is really quite a different model from the one that was 
proposed 
LANDEL: Well, yes. That is an added effect. It would have to be ruu in. 
VEST: Certainly. You see, with the 17s by themselves, there was not 
sufficient sintering at these conditions to even form a continuous 
network. Whereas with a 7, there was. Just looking at those results 
for monosized powders you can tell we have a definite difference in 
sintering with these different sizes at that temperature. 
LANDEL. Do you measure the packing density of the dry powders, and if so, can 
you use that i.n your evaluation? 
VEST: I would love to. I don't know how. I have looked at the density of 
the packed powder before sintering. If you very carefully dry, so as to 
remove all the organics without getting any sintering -- and you can do 
thh, if you are very careful, and then, of course, you have to be very 
careful in handling because the stuff would fall off the substrate -- 
but I don't know of a way of measuring the density of that powder 
compact. You know it has to be somewhat more dense than simple cubic. 
It is somewhere between there and body-sintered cubic. 
LANDEL: For the spheres it would be, ideally, 0.63. 
VEST: Yes, if it was closest packed. 
LANE)EL: Random packing. 
VEST: OK, for random packing. 
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LANDEL: Then someone said that if you get the small particle sizes then the 
agglomeration drives that up again, or drives that down in terms of 
packing density, to something like 80 .4 .  
factors. 
You have to trade off those 
VEST: Yes. Again we measure things such as dried-film densLty or dried-film 
thickness, but that is not something that you can really measure very 
accurately. You can measure the fired-film thickness quite well. The 
dried-film thickness doesn't have a smuoth surface. 
there, so you can use a light section microscope and you try to sit on 
top of one, but there is a lot of uncertainty in the measurement. 
Certainly, within what we have measured, it c m e s  down to this loose, 
random packing. But there is quite a bit or scatter. 
You hav? particles 
STEIN: A further comment on Brian's (Gallagher) question, which really 
deserves a bit more of an answer. 
particles that are coated with stearates or other things, they are not 
going to sinter very well -- particularly in the instance of people in 
this room who are firing very quickly for very short times at 
temperatures in the order of iOOoC. 
at temperatures higher than that, oi' else need a longer rime than a 
minute or two to be gotten rid of. 
will interfere with sintering. In the case of mixed spherical and 
platelike or flakelike particles, you have some relatively clean 
particles, you have some relatively dirty particles and you have all 
kinds of surface things; therefore, you get a combination of 
decomposition products coming off, sintering occurring simultaneously, 
and never, never do you have a completely organic burned-out system if 
you are firing for 30 seconds or one minute or so at 70OOC or 72OoC, 
or some such &ort time aL a relatively low temperature. 
particularly different from the thick-film hybrid microelectronics case 
where they are firing up at 8 5 0 O ~  or more, and you have ample time to 
burn out. Infrared firing is an example that makes this problem very 
difficult and should you get sintering of the silver, before reaching 
full burnout conditions, yc. are going to blow blisters and bubbles. 
That is, when you try to sinter 
Some of the organics can remain 
As long as they are present they 
This is 
GALLAGHER: Has ."one ever put a mi.ss spectro on the end of the furnace to 
see some other decomposition products? 
anybody. 
Just a general question to 
STEIN: There sre all sorts of hydrocarbon fragments. It has not been done at 
the end of a furnace, but it has been done. 
free-radical type fragments in the methyl and ethyl groups, and all 
sorts of things coming off. 
on the access of air. 
You get CO, C02, 
It is a wiid mixture. It depends very much 
Haw much air you have available. 
GALLAGHER: Does that mean that with some of these inks we have tr, force air 
into the furnace rather than just have a free air flow? 
STEIN: Absolutely. 
VEST: The air flow is one of the principal varia5les in the processing. 
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SOIIBERG: I would like to ask a question of Sid (Stein). You mentioned that 
some of the organics are still remaining with the spike firing. 
going through a burnout phase, am I not getting burn out between 
300% and SSOOC? I am referring to spike firing at 700°, but I 
am still going through burnout between 4000 and 5OOOC. 
getting rid of the organics ac that point? 
If I am 
Why am I not 
STEIN: Because the organics that are closest to the silver surface, in case 
of the silver, or to any metallic particle surface, are remarkably 
stable. At least you don't fully get rid of them. That monanolecular 
layer of materials stays there, well beyond the normal decomposition 
ranges that one expects. 
COMMENT: It is even difficult to reeove all the water fr-m the surfaces on 
the silicon. 
LANDEL: Plus, if it is stearic acid you are trying to remove, you are trying 
to decompose not with an organic but with a metal organic. so you are 
trying to decompose a salt. 
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I . INTRODUCTION 
The e l e c t r i c a l  performance of s ing le  c rys ta l  s i l i c o n  i n  photovol ta ics 
w i t h  th i ck  f i l m  s i l v e r  forming the tap me ta l l i za t i on  g r i d  i s  w e l l  documented. 
S i l ver ,  the major component, however, i s  o f ten taken for granted. There are 
several dozen types of s i l v e r  powders comnercially ava i lab le  for use i n  t h i c k  
f i l m  s i l v e r  paste ( ink )  systems. The basic proper t ies of  these powders are 
reasonably wel l  documented. A study was made t o  characterize some of these 
powders i n  actual app l i ca t ions  and co r re la te  t h i s  information w i t h  the v i scos i t y  
and rheological proper t ies of pastes under shear. 
I I .  EXPERIMENTAL 
A. Materials: Seven commercially ava i lab le  s i l v e r  powders, representing 
a cross section o f  p a r t i c l e  s i res  and shapes, were selected f o r  inves t iga t ion  
i n  experimental t h i c k  f i l m  conductor pastes. A glass used i n  comnercial s i l v e r  
paste compositions was a l so  prepared i n  three powder sizes for study i n  
experimental glass pastes. Pastes were prepared by combining these s i l v e r  
and glass powders w i th  an i den t i ca l  organic screening vehic le  and homogenized 
on a standard th ree - ro l l  m i  1 1 .  
adjust  paste rheology were from the same family of compositions. Sol ids content 
was helc constant a t  80% for each of the s i l v e r  and glass pastes. 
Organic vehicles w i t h  varying proper t ies to 
S i l ver  pastes were screen p r in ted  by standard methods, subjected t o  i n f ra red  
dry ing a t  125°C and f i r e d  i n  a b e l t  furnace a t  850°C. 
than normally used i n  actual c e l l  production, selected to dramatize p a r t i c l e  
e f fec ts  on s in tered f i Irns. 
This temperature, higt-,er 
B. P a r t i c l e  Size Analyses: P a r t i c l e  analyses to determine p a r t i c l e  
sizes, d i s t r i b u t i o n  o f  p a r t i c l e s  and volume populations were performed w i t h  a 
Coulter Counter, Hodel TA 11. A 50pm aperture, capable of accurate p a r t i c l e  
measurement from 0.8 t o  20pm, was selected as optimum for the cross sect ion 
o f  sizes investigated. Tap density data were supplied by the manufacturers 
o f  the s i l v e r  powders. 
C .  Scanning Electron Micrographs: Micrographs were prepared a t  2000X 
w i t h  an AMR, Model No. IOOOA Scanning Electron Microscope. For consol idat ing 
comparisons, magnif icat ions were reduced, as shown i n  the f igures. 
D. Viscosity-Rheology Tests: V iscos i ty  measurements were made w i t h  
a We1 Is-Brookf i e l d  Micro Viscometer (cone-plate), Model HBT, w i t h  a 1.565"C cone. 
Test temperature was maintained a t  2 5 t O . Z " C .  Rheological proper t ies were 
computed from v i scos i t y  data taken a t  shear rates from 1.92 t o  19.20 
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reciprocal seconds w i t h  a Hewlett Packard ?lode1 98251 Computer which p l o t t e d  the 
curves w i t h  a H.P. Mudel 7225A Plo t te r .  
1 1 1 .  RESULTS AND DISCUSSION 
P a r t i c l e  size, p a r t i c l e  shape and volume populat ions have a strong in f luence 
on the rheology, and thus the screen p r i p t i n g  cha rac te r i s t i cs  of  s i l v e r  pastes. 
A change in surface area f r o m  a change i q  p a r t i c l e  size, shape or populat ion 
can cause prob lem i n  the hay the paste p r i n t s  and contacts the s i l i c o n  surface. 
Incomplete l i n e  traces o r  p i n  holes can occur from pastes which do not a l low a 
fu l l -even p r i n t .  A paste w i t h  a h igh  v i scos i t y  i s  o f t e n  thought to be the 
problem source; more l i k e l y ,  a steep slope of v i scos i t y  versus shear r a t e  i s  a t  
f a u l t .  That is ,  v i scos i t y  i s  no'- responding to shear forces dur ing screen 
p r in t i ng .  Conversely, a paste w i t h  a low v i scos i t y  may produce poor g r i d  l i n e  
q u a l i t y  ( l i n e  width and de f i n i t i on ) ,  not  because of absolute v iscos i ty ,  but 
because of a f l a t  or shallow slope. 
up, qu ick ly  enough a f t e r  deposit onto the s i l i con .  
This type of paste does not freeze, or set 
A. P a r t i c l e  Considerations: Figures 1 ,  8 and 9 show a v a r i e t y  of s i l v e r  
powders w i t h  d i f f e r e n t  sizes and shapes, inc lud ing f i n e l y  d iv ided sponge (e ) ,  
f l ake  (A, C and E), spherical (F), random shapes (0) and random p a r t i c l e s  w i t h  
some f lake  ( G ) .  
percent versus equivalent spherical dizmeter, a re  shown i n  Figures 2 and 3 for 
some o f  these powders. Volume populations are shown i n  Figures 4 and 5 .  The 
average p a r t i c l e  s ize i s  important, but d i f f e r e n t i a l  volume along w i t h  p a r t i c l e  
shape and agglomeration tendencies (revealed i n  the SEHS) i s  esse t i a l  information 
i n  se lec t ing  the screening vehic le  and making rheological adjustments to the 
paste. 
A comparison of p a r t i c l e  s ize  d i s t r i b u t i o n  curves, weight 
The p a r t i c l e  s ize  and d i f f e r e n t i a l  volume of glass powder, a m i n o r  but very 
important component i n  s i l v e r  me ta l l i za t i on  for app l i ca t i on  on s i ] :  In  c e l l s ,  
can be changed by varying the processing time for p a r t i c l e  reductic . This i s  
i l l u s t r a t e d  i n  Figures 6 and 7. A change i n  glass p a r t i c l e  s i r e  w i l l  influence 
adhesion as wel l  as paste rheology. In te res t ing ly ,  glass par t i c !es  of optimum 
s ize had near ly  an ideal, b e l l  shaped population. 
8. P a r t i c l e  Ef fects  i n  Pastes: S i l v e r  par' i c l e s  were a l so  characterized 
from pastes i n  d r i ed  screen p r i n t s  and s in tered ( f i r e d )  f i l m s  as shown i n  Figure 
8 f o r  one s i l v e r  type. Powder c lusters ,  o r  agglomerates, tended to srp;rate 
during m i l l i n g  o f  the paste, reveal ing t rue r  spherical p a r t i c l e  shapes i n  the 
d r ied  p r i n t s .  The spheres tended t o  r e t a i n  t h e i r  shapes i n  s in tered f i lms .  
Variat ions i n  powder l o t s  for the same type o f  s i i v e r  are not uncommon. Figure 
9 reveals the e f fec ts  of  inadvertent p a r t i c l e  s ize  change f o r  s i l v e r  f lake. 
The acceptable l o t  ( l e f t  side) had smaller and fewer large f lakes than the un- 
acceptable l o t  ( r i g h t  side). This i s  v e r i f i e d  by the volume populations i n  
Figure 4. While paste processing tended t o  f rac tu re  and compact f lakes from the 
acceptable l o t ,  the larger  and probably th icker  f lakes i n  the unacceptable l o t  
retained these charac ter is t i cs  i n  the d r ied  and s in tered f i l m s .  
C. Paste Viscos i ty  and Slope: The v i scos i t y  o f  a l i q u i d  i s  inFluenced by 
a number of extraneous factors, not the least  of which i s  shear force. The 
response o f  a t h i ck  f i l m  paste t o  shear was shown t o  have f a r  greater meaning 
than nominal v iscos i ty .  A nominal v i scos i t y  can be v i r t u a l l y  meaningless i f  the 
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slope, o r  ra te  o f  change i n  v i scos i t y  w i t h  change i n  shear rate, i s  not acceptable. 
This i s  i l l u s t r a t e d  fo r  s i l v e r  pastes made w i th  Lots C, E and F powders (Figares 
10 and 11). 
nearly the same a t  550-600 poi=(!. The v iscos i ty  slopes, however, d i f f e r  f r o m  
-0.450 co -0.770. Only the slope from paste made w i t h  Lot C powders meets a 
brefcrred spec i f i ca t ion  from about -0.550 to -0.650. 
types ic\*estigated, pastes from two lo ts ,  A and C, met slope speci f icat ions.  
A paste w i t h  a slope below t h i s  range tended t o  g ive  poor l i n e  de f i n i t i on ,  lacking 
recovery capab i l i t i es  t o  prevent slumping and moving as i t  was deposited onto the 
suttstra:e during screen p r in t i ng .  A paste w i t h  a slope above t h i s  range tended 
t o  lac the necessary f low cha rac te r i s t i c  t o  give a f u l l ,  even p r i n t .  This con- 
d i t i o n  caused the paste to sk ip  o r  p i n  hole during p r in t i ng .  I t  was theorized 
that  ib t imate contact o f  s i l v e r  p a r t i c l e s  w i t h  thc  textured surface of c r y s t a l l i n e  
s i l i c a i .  could be i nh ib i t ed  during p r i n t i n g  if improper paste f l a w  occurred, Mesh 
marks were a lso  a product of paste w i t h  a steer slope. 
The ~ . s c o s i t y  a t  a shear r a t e  of 9.6 seconds'l for these pastes i s  
O f  the seven s i l v e r  powder 
0. Psste Adjustment: A lower v i scos i t y  a t  a given shear ra te  may be achieved 
by a pa. t e  user by adding thinner. This w i l l  lower the so l ids  percent, reduce 
s i l v e r  .ontent  and can lead t o  e lec t r ' ca l  and soldering d i f f i c u l t i e s .  While a 
lower apparent v i scos i t y  may be achieved w i t h  thinner, a steep slooe w i t h  attendant 
p r ' n t i n g  problems can s t i l l  pers is t .  Laroe thinner addi t ions can lower the 
v iscos i ty  slope but cause p r in ted  l i nes  to sag o r  spread. Figure 12 i l l u s t r a t e s  
the adjustment o f  a paste w i t h  an abnormal-high slope (-0.863) by blending i n  
SO? of a paste which contained the same s i l v e r  powders (T;tpe B) and iden t i ca l  
sol ids; i.e., 80%. This ad juster  paste had a slope c f  -0.548. An "ideal" slope 
(-0.641) was achieved w i t h  the blend of pastes whi ie  maintaining the desired 
inorr.anic so l ids  content. The v iscos i ry  of a l l  three pastes a t  a shear r a t e  
o f  9.6 sec.-l, the shear ra te  used when quoting v i scos i t y  t o  the user, was near ly  
ident ica l  a t  1000 poise. It wa; demonstrated from t h i s  phase o f  the study tha t  
any r i m h e r  of a l t e ra t i ons  t o  the slope could be made t o  achieve optimum p r i n t i n g  
Ferfot-wance. Only the organic vehic le  was changed t o  accommodate the characteris- 
t i c s  $ - f  :he s i l v e r  pa r t i c l es .  
E. Tap Dens;,j: A co r re la t i on  of powder tap Cansity w i t h  the slope of 
v iscos i ty  f o r  s i l v e r  pastes i s  shown i n  Figure 13. As tap density increases 
the slope o f  v i scos i t y  decreases. There was no apparent co r re la t i on  between tap 
density and v iscos i ty  measured a t  a s ing le  shear rate. 
V I .  SUHHARY AND CONCLUSIONS 
Par t i c les  from =I var ie ty  o f  s i l v e r  powders were investigated by scanning 
e lect ron microsco3y arid p a r t i c l e  s ize  analyses. 
curves and volumt population graphs were prepared for these s i l v e r  powders and 
fo r  gla:is powd . s  w i t h  optimum, ex t ra  f i ne  and coarse p a r t i c l e  sites. The v i s -  
cos i ty  a t  a j i ven  shear ra te  and slope o f  v iscos i ty  over a range o f  shear ra tes 
were deter ined f o r  th ick  f i l m  pastes made w i th  these powders. Because o f  
pa r t i c l e  anomalies and var ia t ions,  the need fo r  f l e x i b i l i t y  t o  achieve the best 
p r i n t ;  g q u a l i t i e s  fo r  s i l v e r  pastes was evident. 
qua! - y ,  dr ied  and fir.ij f i l m  density and optimum contact o f  s i l v e r  p a r t i c l e s  
w i -n  s i  I icoii, importdnt for c e l l  e l e c t r i c a l  output, could be achieved by adjust ing 
the slope of v iscos i ty  that f e l l  outside o f  the range, -0.550 t o  -0.650. This was 
accomplished tt,:ough organic vehicle technology that  permitted a change i n  the 
slope o f  v i - c o s i t y ,  up or  down, whi le  maintaining a constant s i l v e r  and t o t a l  
so l ids content. 
P a r t i c l e  s ize d i s t r i b u t i o n  
I t  was establ ished tha t  p r i n t  
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Figure 5. Particle Size of Silver Powders: 
Differential Volume (Cont'd) 
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Figure 6. Particle Size Distribution Curves: 
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Figure 7. Particle Size of Glass Powders: 
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Figure 1 1.  Viscosity: Silver Pastes (Cont'd) 
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Figure 1 2. Adjustment of Viscosity Slope 
for Abnormal Silver Paste 
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Figure 13. Relationship of Silver Powder Tap 
Density With Paste Viscosity Slope 
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DISCUSSION 
SCHRODER: When I th ink  of a metal semiconductor c o n t a c t ,  I t h i n k  of a 
phys ica l  c o n t a c t ,  even though t h e  e l e c t r i c a l  con tac t  may on ly  be an 
e l e c t r i c a l  or a physical  con tac t .  But t h e  phys ica l  c o n t a c t  I t h i n k  of 
a t  least i s  uniform. Now you showed SEM p i c t u r e s ;  i f  you imagined 
looking a t  t h e  i n t e r f a c e  now of t h a t  p a s t e  and t h e  s i l i c o n ,  what 
f r a c t i o n  do you th ink  of a given area is  phys ica l  c o n t a c t ,  never  mind 
e l e c t r i c a l  con tac t ?  Would you kind of guess a t  t h a t ?  I k n w  you c a n ' t  
loah a t  i t .  
PROVAWE: Well, i t  i s  s t r i c t l y  one where you have t o  t h e o r i z e  a b i t .  You can 
see what is  happening on th? top  and you s o r t  of f l i p - f l o p  it over and 
say is t h i s  happening cn t he  bottom, and you have t o  assume t h a t  yes ,  t o  
some e x t e n t ,  it is. If 3n top you see a l o t  cf i r regular-shaped 
mountains, peaks, and v a l l e y s ,  then you have t o  assume t h a t  t h e  same 
th ing ,  t o  perhaps a l e s s e r  e x t e n t ,  i s  happening on t h e  bottom. The 
degree of phys i ca l  c o n t a c t ,  I wouldn't want t o  hazard a guess ,  I'm no t  
r e a l l y  s u r e ,  but  i n  theory t h e  more compact t h e  p a r t i c l e s  are and t h e  
more t h e s e  p a r t i c l e s  are sepa ra t ed ,  and deagglomerated, t h e  g r e a t e r  t h e  
con tac t  would be. 
GALLAGHER: I f  I may add t o  t h a t :  i n  t h e  s i l v e r  s y s t e m ,  you can e t c h  t h e  
s i l v e r  away and you end up with t h e  g l a s s .  You can look a t  t h a t ,  and we 
have done it on a SFectrolab cort t ract .  
s u r e  o f ,  however, is t h a t  g l a s s  touching t h e  s u r f a c e ,  but  you can end up 
with the  f o o t p r i n t  of t h e  g l a s s .  
One t h i n g  you are  r e a l l y  no t  
QUESTION: What d i d  you see? 
GALLAGHER: Depending upon the  compositioa of t he  s t r u c t u r e ,  and t h e  amount of 
g l a s s  t h a t  is  added t o  i t ,  you can see g r e a t  d i f f e r e n c e s  i n  -- I have 
tvo  gentlemen h e r e  who saw the  same SEM p i c t u r e s  t h a t  I did.  They were 
taken by Ferro, by the  way, and I would guess arer 30% t o  40% of t h e  
a r e a  a t  t he  most was g l a s s ,  t h e  r e s t  metal. 
QUESTION: Was i t  phys ica l ly  contacted? 
GALLAGHER: It was p h y s i c a l l y  contacted.  
QUESTION: And then the  e l e c t r i c a l  maybe even l e s s ?  
GALLAGHER: I have no idea.  We a t  t h a t  p a r t i c u l a r  time formulated some 
s t r u c t u r e s  t h a t  had 5 % ,  10% and 15% of t h e  t o t a l  weight as g l a s s .  
PROVANCE: The g l a s s  plays two r o l e s ,  or a t  l e a s t  two r o l e s .  One, of cour se ,  
is t o  achieve the  adhesion, and the  second tsling, which i s  o f t e n  over- 
looked, i s  t h a t  g l a s s  r e a l l y  i s  an a i d  t o  s i n t e r i n g ,  w i t h i n  a c e r t a i n  
amount: of g l a s s .  I n  o t h e r  words, too much o r  not enough and you can 
have problems. There i s  the  t h i n g  of opt imizing j u s t  t h e  r i g h t  amount 
of g l a s s  and t h e  r i g h t  formulat ion of g l a s s  f o r  t h a t  p a r t i c u l a r  t a sk .  
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HOGAN: We have done pretty much the same kind of thing, looking at the series 
resistance associated with glass content, mezal content and other 
things, using the same technique or perhaps :he same technique, which is 
a mercury amalgamation where you can remove that silver. We have 
discovered, not quite that high, more in the range of 20% to 302, areas 
that are not glass-covered between the contacts. That does not mean 
that the silver is even physically, much less electrically, in contact 
with that area. It is really hard to say what the electrical coverage 
is. 
work and found that improvements were entirely associated with the etch, 
so that althodgh there is a dendritic nature to the structure, the 
majority cf the improvement vas due to an etching along the edges of the 
contact -- thereby, we assumed, increasing the silver contact there, the 
electrical contact. It brings up a point I wanted to make: I think a 
very important study has to be made with this interfacial area between 
silicon and the thick-film inks. 
applications, where you are putting it on an aluminum substrate, you are 
not concerned very much about what the electrical properties are between 
the substrate and the metal, but here we are very concerned about those 
kinds of things. The question I had, though, was what percentage of the 
manufacturers do YGU feel are doctaring the inks, you knrw, when you 
were talking about comnunications? Is that a problem for manufacturers 
of the ink products? 
The interesting thing is, we did some HF etching in experimental 
Contrary to many microelectronics 
PROVANCE: Do you mean which ones do and which ones don't? 
HOG"': Yes. 
PROVANCE: I don't know which ones vi11 admit it but I will tell you right now 
that there is no one in business today making thick-film formulations 
that don't have some way of making these materials behave. The lesser 
of the two evils is, don't change the inorganic composition, change the 
organic part, the part that burns out, and make these materials behave, 
particularly that slope. Anyone that is not doing that would have an 
awful problem out in the field because, as I say, these powders are 
smewhat like fingerprints. No two sets are identical. Sou can make 
th=& pretty close, but you are going to have variations from time to 
tine, and I don't think there is any way of determining if they were 
absolutely identical. The same number of particles, the same shape, 
same size, same volume population, you wouldn't know it. In other 
words, there is no way of defining that precisely, whether you have the 
exact same number of particles at a given size. So I would say that 
everyone has his methods of making these materials behave out in the 
field. 
GALLAGHER: How did you designate these powders as A, B, C and D? 
PROVANCE: Those are internal designations that we use. 
GALLAGHER: But what did you use as your criteria for saying this is powder A, 
B or C? Are they all made the same way and they came out -- 
PROVANCE: It was sort of which one came through the door first. That was A 
and B. There was no rhyme or reason, we simply gave the them a letter 
designation for purposes of identifying them. 
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GALLAGHER: But they were supposedly made t h e  same way and they were supposed 
t.o have t h e  same c h a r a c t e r i s t i c s ?  
PROVANCE: Yes, of  a given type. The l e t te r  number des igna ted  r-re d i f f e r e n t  
t ype  - 
GALLACHER: I meant E w a s  supposedly made t h e  same as B, supposedly made t h e  
same as C -- they were a l l  sphe res?  
PROVANCE: Oh, no- A, B, C, D, E, F and G were a l l  d i f f e r e n t  t ypes  of powders 
but w e  showed one example, supposedly t h e  same type of material from t w o  
d i f f e r e n t  lo t s ,  and found t h e t  indeed they  weren ' t  t h e  same- We f i n d  
t h a t  with whatever le t ter  it w a s  or whatever type of s i l v e r ,  t h e  
materials do change from lo t  t o  l o t .  Sanetimes d r a m a t i c a l l y ,  sometimes 
a l i t t l e  b i t  but  always enough to  change, i f  no t  a b s o l u t e  v i s c o s i t y  a t  
one s h e a r  rate, the slope of v i s c o s i t y .  And t h a t  is what we put t h e  
emphasis on i n  t r y i n g  to a d j u s t  t h a t  slope back so t h a t  t h e  materials 
w i l l  handle  t h e  same on a sc reen  p r i n t e r .  
R. VEST: The ques t ion  was asked a l i t t l e  ear l ie r  about how much metal is i n  
Tha t ' s  r e a l l y  no t  a good q u e s t i o n ,  because it depends on t h e  c o n t a c t .  
processixg. I f  you have a p r i n t e d  conductor  such as we are t a l k i n g  
about he re ,  t h e  amount of g l a s s  t h a t  is i n  c o n t a c t  with t h e  s u b s t r a t e  as 
opposed t o  how high a temperature  and how long you f i r e  i t  - i n  
g e n e r a l ,  i f  you f i r e  high enough and long  enough, you w i l l  end up with a 
continlrous g l a s s  f i l m  under t h e  conductor,  so you have no metal c o n t a c t  
with t h e  s u b s t r a t e .  So t h i s  is ano the r  q u e s t i o n  t h a t  you have t o  ask: 
not only how much i s  i n  c o n t a c t ,  but  hou much is  i n  c o n t a c t  when w e  
process  t h i s  p a r t i c u l a r  i nk  a t  t h i s  temperature  f o r  t h i s  t i m e .  
is a reasonable  quest ion.  
Then 
I have one o t h e r  ques t ion .  In  a d d i t i o n  t o  your s l o p e ,  you a l s o  pick 
va lue  a t  9 .6 .  1 d i d n ' t  c a t c h  what t h a t  va lue  w a s ,  and why d i d  you p 
9.6' 
it 
a 
ck  
YROVANCE: That happens t o  be t h e  mid-point of t h e  f i v e  s h e a r  rates t h a t  w 
used, and i t  was simply a ma t t e r  of convenience. That is  what we show 
i n  our l i t e r a t u r e .  Almost a l l  thick-f i lm p a s t e  manufacturers  have a 
v i s c o s i t y  s p e c i f i c a t i o n ,  and it  obviously has  to  be taken a t  one shea r  
rate.  As a m a t t e r  of conuenience, we picked t h e  midpoint of t h e  f i v e  
t h a t  we used, and quote  t h a t  i n  our l i terature .  I a m  t h e  f i rs t  t o  admit 
t h a t  t h a t  number can !-.e very mis l ead inb  i f  you d o n ' t  have t h e  e n t i r e  
p i c t u r e  of what happens when you s h e a r  t h e  m a t e r i a l .  
R. VEST: What is  t h e  range you shoot f o r  a t  9.6? 
PROVANCE: In  the  case of conductor pastes, i t  v a r i e s  per a p p l i c a t i o n  and type  
of metal. I n  the  example I w i l l  u s e ,  i f  you are going t o  go a large 
s c r e e n ,  such a s  i n  t h e  use of making o p t o e l e c t r o n i c  d i s p l a y s ,  gas- 
discharge d i s p l a y s ,  t h e  c u s t m x  works wi th  l a r g e  s h e e t s  of glass. We 
found from experience t h a t  t h e  squeegee m a t e r i a l  t h a t  pushes the  p a s t e  
through the  sc reen  is going t o  be d i f f e r e n t  than i t  is on a smaller 
screen.  In  m i c r o e l e c t r o n i c s ,  most of c u r  p a s t e s  a r e  t a i l o r e d  to a 
r e l s t i v e l y  small  s c reen ,  12-inch-squdre o r  smaller, f o r  small  devices .  
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Rut on a large screen,  we have found t h a t  you need an a b s o l u t e  v i s c o s i t y  
of about 600 po i se  where on a small screen you need more l i k e  900 t o  
1000 poise .  So a t  midpoint i t  v a r i e s  with t h e  a p p l i c a t i o n ,  and q u i t e  
hones t ly ,  t h e  technology i n  solar c e l l s  i s  considered somewhat secret. 
Our c u s t a n e r s  w i l l  sometimes coamnunicate back t o  u s  and sanetimes they 
won't. More o f t e n  than n c t ,  i f  they have a p r i n t i n g  problem and we are 
brought i n  and can see what they are doing, w e  can c o r r e c t  i t  simply by 
a d j u s t i n g  the  organic  v e h i c l e  so it w i l l  p r i n t  r e g a r d l e s s  of what size 
sc reen  they are using or what type o f  squeegee material they are using. 
SOMBEXG: Would you care to  camnent about t h i s  previous p o i n t  I brought up 
about t h e  presence of  o r g a n i c s  in ,  say,  s o l a r - c e l l  f i r i n g .  being aware 
of  t h e  f a c t  t h e t  i t  is cpike-f i red but  i t  does go through a burnout? 
Other  than metal stearates, t h i n g s  l i b %  h a t ,  would you comment about 
t h e  presence or absence of organ ic s  through t h a t  burnout ?base, say  
through 5503 t o  600°c? 
PROVANCE: In t h e  e a r l y  going (ceramics), and i n  t h e  e a r l y  going of  solar ce l l  
man-fdcture (we are t a l k i n g  about maybe fou r  or f i v e  y e a r s  ago) I w a s  a 
nonbel iever  t h a t  you could achieve s i n t e r i n g  and maximization of 
adhesion when you peak f i r e  a t  60 to 120 seconds. 
coming, most of them JPL-sponsored, and I s a i d  no way can you make t h i c k  
f i l m  work, because I have been i n  t h i s  bus iness  f o r  20 y e a r s  and we 
thought we d i d  a marvelous t h i n g  when we came from 980% down t o  
850% and brought t h e  c y c l e  t i m e  down from one hour to  25 minutes. I 
becane a b e l i e v e r  vhen we went out i n t o  t h e  f i e l d  to one of our  
customers and p r i n t e d  stme p a r t s  and set up -- i n  f a c t ,  w e  turned t h e  
furnace OR f o r  them. A st range-looking furnace,  t h i s  IR furnace,  which 
you t u r n  on l i k e  a l i g h t  bulb; i t  is unconventional,  :ompared with t h r  
s t anda rd  type of furnace,  and wi th in  an a f t e rnoon  I w a s  convinced t h a t  
t h e r e  w a s  indeed something t o  t h a t ,  because I recall  I set up t h r e e  or 
four  p r o f i l e s  frcm about 500° t o  ?OO°C with d i f f e r e n t  tines, and one 
of t h e  e a r l y  tests which is s t i l l  used was simply f o r  adhesion, p u t t i n g  
Scotch t ape  down and p u l l i n g  i t  o f f .  
could see t h a t  it w a s  c e r t a i n l y  passing the  Scotch-tape test and i t  
appeared t o  be a r a t h e r  dense f i lm.  
thick-f i lm r e s i s t o r s .  In  f a c t ,  four  weeks ago I w a s  i n  Dallas g iv ing  a 
t a l k  on p r o p e r t i e s  of t h i c k - f i l m  resistors f i r e d  i n  an I R  furnace,  going 
from the  convent ional  25- t o  30-minute cyc le ,  down t o  4, 5 and 6 
minutes,  which is s t i l l  long by s o l a r  cel l  s t anda rds  but  much f a s t e r  
than convent ional  t h i c k  f i l m .  i c a n ' t  d i s a g r e e  with D r .  S t e i n  t h a t  
t h e r e  is obviously something trapped i n  t h e r e ,  but i t  is a n e g l i g i b l e  
amount, we f e e l ,  because r e s i s t o r s ,  e s p e c i a l l y ,  are very s e n s i t i v e  t o  
thick-f i lm processing.  In t h i s  p a r t i c u l a r  series we developed 8 TCR 
( temperature  c o e f f i c i e n t  r e s i s t a n c e )  of 0 t o  40 par t s  per  m i l l i o n ,  and 
anything t h a t  i s  not  r i g h t  w i l l  o f f s e t  and c r e a t e  an imbalance SO t h a t  
you c a n ' t  achieve t h i s .  Obviously, we a r e  t r app ing  something when we  
f i r e  i n  60 seconds o r  120 seconds. I am not  sure t h a t  anyone has  
measured j u s t  how much. A rough measure would simply be t o  t ake  a 
weight with a f i n e  balance t o  f i v e  o r  s i x  places and f i r e  i t  and weigh 
it again.  I am not  sure t h a t  w i l l  c l e a r  up t h e  mystery, because t h a t  
s t i l l  might not  be accu ra t e  enough t o  s a y  j u s t  how much i s  coa t ing  those 
p a r t i c l e s .  I t  i s  p r e t t y  d i f f i c u l t  t o  imagine t h a t  you are indeed 
burning out  an o rgan ic  binder  i n  a matter of a couple  of minutes. When 
I s a w  t h e s e  r e p o r t s  
Before t h e  a f t e rnoon  w a s  over ,  I 
We subsequent ly  went on t o  s tudy 
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you consider the shape of those particles, the little crevices and so 
many places to have binder trapped in there, it is pretty difficult to 
imagine that you are burning it out clean. Just how much remains, I 
don't think we know. That is probably something that should be looked 
into. 
WEAVER: k i n g  a field test engineer and not understanding all of this, I was 
wondering if you used the glass frit, what would happen if you used, say 
carbon fiber in there with them, because it is more conductive? Would 
that be detrimental or beneficial, or it uocldn't make any difference? 
PROVANCE: Well the glass frit is used to help the sintering processes as well 
as adhesion. 
wouldn't get any adhesion benefit from it, or sintering values. 
The fiber might help the electrical properties, but you 
STEIN: There was a questicin raised before, I think it was from the man from 
SERI, about the possible modifications to the inks, and it was 
interpreted as being modifications that the paste manufacturers could 
make. 
have encountered which is done by the custcmers, and it is highly 
secret. 
throwing all sorts of things into the silver pastes on the solar-cell 
user side. These can have rather dramatic effects. 
illustration. In Europe, some of our customers used one of our silvers, 
which fires up in the 8300 to 850OC region, and it is a totally 
different system and they insist they like it a lot better than this 
low-temperature stuff that might peak-fire at 7000 + 20. We know that 
they t h r w  in titanium, in one instance, we knor that some others t h r w  
in tantalm, we know that a number of other things are used. 
back then to the basic question of what happens at the interface? Is it 
a glass contact in part and a silver contact in part? There has to be 
an interaction between the silver and the silicon, there has to be some 
diffusion to get good electrical contact. 
effects due to these additives, and there are very likely ncw compounds 
formed at the interfaces, so it is a rather complex picture and it is 
not an easily answered question. We therefore offer a variety of 
silvers containing, let's call it dopants, or sintering aids. In fact, 
if anybody rants it, I am sure that Thick Film Systems or Electro 
Science Labs will custom-make something with any garbage you want put in 
it, because we don't understand it. 
I would like to suggest also another kind of modification that we 
But basically, in a number of instances we know that people are 
I will give you an 
Cming 
There are probably doping 
HOGAN: That was really the intent of my question, because I know it is very 
easy for a silicon-cell manufacturer to add a little liquid boron dopant 
to the silver ink and think that is going to do something for his 
contact. I was just wondering what kind of problems 
you got into as a manufacturer in trying to straighten out somebody's 
printing problem when Lord only knows what is in your ink after it's 
got ten into the plant? 
It may or may not. 
PROVANCE: That is a big problen and as Sid (Stein) says, we will make 
anything anybody wants. Actually, the manufacturer of the thick film 
formulation is better equipped and better able to do that because the 
fine tuning of the screening characteristics as well as the electrical 
properties can best be done by the person that is making this material. 
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Once the material is out in the field and altered, it may be altered to 
achieve a certain physical benefit in the screen printing, or some 
electrical property, but it could be creating other problems. When a 
customer does alter these materials, it is generally over a period of 
time and he has also learned to live with altering this and he makes it 
work, one way or another. What we are sayinq is, it is very likely that 
the thick-film paste manufacturer would be able to achieve this in a 
shorter period of time and guarantee that it would work time and time 
again. 
AHICK: Do you have any limits, then, to what you would accept in the way of 
initial ink? Because you know you can tailor that by making up 
combinations of different binders and then blending, to cane within 
specifications. 
the original selection? 
Are you saying you don't really have any criteria for 
PROVANCY: Yes. You can live with a certain amount of variation, from time to 
time, but you can't live with a fired surface that is rough and does not 
hold line definition. In all cases, all of these powders either 
experimentally or in production get made into a paste and with full 
quality control. What we try to do is weed out, as I mentioned earlier, 
a disaster where you commit several thousand grams of material, or more, 
to a batch of material only to find that you nave made a mistake. 
might call it an early warning system. Yes, there are limits as to what 
we would use. In fact, if the differences between powders are gross, 
which they were with lot A, shown in the slide, that particular 
unacceptable lot never make it to manufacturing. What we are looking 
for is tailoring the small differences, relatively small differences, 
yet important differences to the slope as well as to the viscosity at a 
standard shear rate. Yes, there are limits. The use of the vehicle 
technology, you might say, is a fine-tuning instrument to make the 
material behave, that misbehaves in the particle state. 
You 
NAZARENKO: Just to expand on what was just said, we are constrained on the 
type of vehicles we can use because the materials are selected so that 
they offer clean burnout. We try to design the materials so there are 
no residual carbons or cther types of impurities left after the burning 
cycle. Functional groups on the vehicle will dictate how efficiently 
these uaterials are going to be burned out. So there are some limits. 
PROVANCE: These binders do burn out rather rapidly and the principle 
deterrent to them burning out clean, as Sid Stein said, was the fact 
that you have to watch that you are not melting the glass or sintering 
the particles to the extent that you captiire and freeze these in. But 
most of these materials have been well researched down throviqh the last 
three, four or five years and the organic vehicles are better than what 
they were eight or 10 or 15 years dgo. They do burn out pretty quickly 
so you can, even in conventional firing, come up rather sharply and burn 
those materials out in a conventional furnace in seven or eight 
minutes. The old profiles, and I am talking 10, 12 or 15 years ago, 
used to come up and level off at 500°c and then come on out just to 
get rid of the binder. It is no longer necessary to do that. 
AMICK: Does anyone do microcombustion anal.ysis now to find out how much 
carbon there is left after binder burnout? 
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STEIN: We do t h a t .  
STEIN: The cormnent I made ear l ier  w a s  n o t  r e l a t e d  t o  the burning ou t  of t he  
v e h i c l e ,  which can be  handled. I t  w a s  r e l a t e d  t o  tlie o rgan ic s  t rapped 
o r  coated on t h e  s u r f a c e  of t h e  s i l v e r  p a r t i c l e s  as Jay (Provance) o r  
anyLody e l se  r e c e i v e s  them. 
p r e c i p i t a t e d  i n  the  presence of a p r o t e c t i v e  c o l l o i d ,  p r e c i p i t a t e d  i n  
the  presence of an organic  a c i d  with a carboxyl  group o r  p r e c i p i t a t e d  i n  
the presence of some o t h e r ,  heaven f o r b i d ,  halogenated o r  su l fona ted  o r  
o t h e r  kind of a c t i v e  chemical group. That is very d i f f i c u l t  t o  g e t  r i d  
of and t h a t  i s  p re sen t  i n  ar extremely minute amount bu t  i r  can a f f e c t  
t he  s i n t e r i n g  r a t e s .  That i s  what I w a s  t a l k i n g  about.  
I f  they are p r e c i p i t a t e d  p a r t i c l e s ,  
PROVANCE: That i s  a very good p o i n t ,  and wh i l e  I d o n ' t  want t o  c i s c u s s  
e x a c t l y  how w e  do t h i s ,  we do make a t e s t  f a r  j u s t  t h a t  s o r t  of t h i n g  t o  
k l e p  our s u p p l i e r s  of powders hones t ,  you might say.  So wf: do have some 
l i m i t s  on what w e  w i l l  accept  i n  t h e  way of c o a t i n g s  t h a t  may or  may not  
be on t hose  p a r t i c l e s  as ve r e c e i v e  t h m  because t h a t  can have dn 
overpowering in f luence  on how t h e s e  m a t e r i a l s  s i n t e r  a s  we l l  as how our  
o rgan ic  v e h i c l e s  a r e  going t o  work. 
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Th is  paper presents t h e  r e s u l t s  o f  e f f o r t s  t o  produce a n o n s i l v e r  m e t a l l i z a -  
t i o n  system f o r  s i l i c o n  p h o t o v o l t a i c  c e l l s .  The system uses a m e t a l l i z d t i o n  
system based on molybdenum, t i n ,  and t i t a n i u m  hydr ide.  The i n i t i a l  work i n  
t h i s  system was done us ing t h e  MIDFILM process. The MIDFILM process a t t a i n s  
a l i n e  r e s o l u t i o n  comparable t o  p h o t o r e s i s t  methods w i t h  a process r e l a t e d  
t o  screen p r i n t i n g .  
The sur face t o  be processed i s  f i r s t  coated w i t h  a t h i n  l a y e r  o f  photopoly- 
mer ma te r ia l .  
t h e  polymer i n  t h e  non-pattern area c r o s s l i n k s  and becomes hard. The unex- 
posed p a t t e r n  areas remain tacky. 
i n  t h e  form o f  a dry  m ix tu re  o f  metal ’which adheres t o  t h e  tacky p a t t e r n  
area. 
conductor powder. 
Upon exposure t o  u l t r a v i o l e t  l i g h t  through a s u i t a b l e  mask, 
The conductor m a t e r i a l  i s  then app l i ed  
The assemblage i s  then f i r e d  t o  ash the  photopolymer and s i n t e r  t h e  
Several composit ions o f  powders were used i n  t h i s  research, t h e  composit ions 
a re  i d e n t i f i e d  as fo l l ows :  
TYPE Mo T i  Sn f r i t  
A DP-E570 19.5 80.0 0.5 0 
B DP-E571 50.0 49.5 0.5 0 
C DP-E572 70.0 29.5 0.5 0 
D DP-E573 49.0 49.0 2.0 0 
E DP-E574 48.0 48.0 4.0 0 
F DP-F503 19.5 80.0 0.5 5.0 
The f r i t  used was a Pb /bo ros i l i ca te  glass. 
I n i t i a l  work us ing t h e  MIDFILM process was done us ing  on ly  t ype  A paste. 
was found t h a t  t h i s  r e s u l t e d  i n  c e l l s  w i t h  a very h i g h  se r ies  res is tance.  
I f  t h e  ce l l  was then p l a t e d  t h e  c e l l  improved. 
res i s taoce  a screen p r i n t e d  process was inves t i ga ted .  The metal powders 
were formulated i n t o  sc reenpr in t i ng  pastes by Thick F i l m  Systems us ing  t h e  
same v e h i c l e  used i n  s i l v e r  pastes. A f t e r  sc reenpr in t i ng  t h e  c e l l s  a r e  
f i r e d  i n  a i r  i n  an I R  b e l t  furnace t o  burn o f f  t h e  organic  components o f  
t h e  vehic le .  The c e l l s  a re  then s i n t e r e d  i n  d pGre hydrogen atmosphere. 
It 
To decrease t h e  s e r i e s  
21s 
Paste types  A&F gave t h e  best r e s u l t s .  
b e l t  speed o f  18"/min. th rough a heated zone o f  18". The m e t a l l i z a t i o n  has 
a b lue-grey c o l o r  which becomes m e t a l l i c  l o o k i n g  a f t e r  t h e  hydrogen ; in te r -  
ing.  S i n t e r i n g  w z t  done a t  6OOOC f o r  90 seconds. F igures  13-16 show a 
t y p i c a l  Mo/Ti c e l l  as compared t o  a s i l v e r  c e l l  ( n e i t h e r  a r e  AR coated).  
C e l l s  produced by t h i s  method pass tape p u l l  t e s t s  bu t  a r e  d i f f i c u l t  t o  
so lde r  t o  w i t h o u t  removing t h e  m e t a l l i z a t i o n .  
a t  h ighe r  temperature enhances adhesion bu t  increases s e r i e s  r e s i s t a n c e  t o  
unacceptable values. 
C e l l s  were f i r e d  a t  500-550°C a t  a 
S i n t e r i n g  f o r  l onger  t imes 
Several d i f f e r e n t  c l e a n i n g  procedures p r i o r  t o  s c r e e n p r i n t i n g  were t r i e d  i n  
an at tempt t o  inc rease adhesion, 
procedures worked e q u a l l y  w e l l  ( o r  p o o r l y ) ,  procedure D i s  now used r o u t i n e -  
l y  and s u c c e s s f u l l y  f o r  s i l v e r  m e t a l l i z a t i o n  c e l l s .  
F igu re  17 shows t h e  procedures. A l l  
CC! was used i n  p lace  o f  hydrogen as t h e  reduc ing  gas i n  another experiment. 
The c e l l s  had much h ighe r  s e r i e s  res i s tance  as seen i n  f i g u r e  20. Adhesion 
between t h e  m e t a l l i z a t i o n  and t h e  s i l i c o n  was improved b u t  p a r t i c l e  t o  par- 
t i c l e  adhesion appeared t o  degrade, 
under a l l  cond i t i ons .  
So lder ing  t o  t h e  c e l l s  was imposs ib le  
I n  t h e  nex t  study wafers were coated w i t h  ind ium t i n  ox ide  (ITO) p r i o r  t o  
m e t a l l i z a t i o n .  
Labs Inc.  The th i ckness  v a r i e d  f rom 512 t o  783A w i f h  an index o f  r e f r a c t i o n  
o f  1.95. The r e f l e c t e d  c o l o r  v a r i e d  w i t h  i n c r e a s i n g  th i ckness  as f o l l o w s :  
green bronze, bronze, purp le ,  b lue. 
a t  6 0 0 O C .  The hydrogen f i r i n g  a l s o  reduced t h e  I T 0  causing a m i l k y  appear- 
ance on t h e  c e l l s .  A i r  f i r i n g  o f  t h e  c e l l  brought back some o f  t h e  c o l o r  
o f  t h e  f i l m  and improve c e l l  performance as i s  shown i n  f i g u r e  25, Attempt 
t o  f i r e  t h e  c e l l s  a t  650°C l e d  t o  severe shunt ing,  f i g u r e  24 and 25. The 
p a r t i c l e  adhesion f o r  t h e  IT0  c e l l s  was s t i l l  n o t  adequate f o r  so lde r ing .  
The IT0 was a p p l i e d  by r e a c t i v e  s p u t t e r i n g  by App l i ed  F i l m  
The c e l l s  were reduced us ing  hydrogen 
Future  work w i l l  i n c l u d e  sequent ia l  use o f  hydrogen 3nd GI), and use o f  o t h e r  
paste a d d i t i v e s .  
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DISCUSS ION 
SOHBERG: Did you t r y  any without t i t an ium hydride? 
GARCIA: In t h i s  s tudy we have n o t  t r i e d  them without  t h e  t i t a n i u m  hydride.  
I n  the  mid-film work we  d i d  t r y  some without  t i t an ium hydride and the  
r e s u l t s  were t e r r i b l e  compared wi th  t h e  ones t h a t  d i d  have a l i t t l e  
t i t an ium hydride.  
SOMBERG: My o t h e r  ques t ion  is: when you so lde red  t o  the c e l l ,  you s a i d  t h e r e  
was f a i l u r e .  Were you a b l e  t o  t e l l  where f a i l u r e  was occur r ing?  
GARCIA: It f a i l e d  i n  d i f f e r e n t  ways. In c e l l s  t h a t  were f i r e d  i n  hydrogen, 
t h e  f a i l u r e  was between the  m e t a l l i z a t i o n  and the  s i l i c o n .  It appeared 
t o  j u s t  come s t r a i g h t  o f f  t he  s i l i c o n .  When i t  was f i r e d  i n  carbon 
monoxide you d ivo ted  t h e  s i l i c o n  but you d i d n ' t  g e t  p a r t i c l e - t o - p a r t i c l e  
adhesion; i t  wasn't very good. It appears you were j u s t  making c o n t a c t  
with a couple of p a r t i c l e s  and p u l l i n g  those  ou t  c f  t h e  s i l i c o n ,  but t h e  
p a r t i c l e s  were not  s t i c k i n g  t o  one another .  There wasn't much congru i ty  
t o  the  m e t a l l i z a t i o n .  
LAVENDEL: I might comnent on the  func t ion  of t i t a n i u m  hydride i n  your 
system. Believe i t  or not, I a m  going back t o  a problem t h a t  I had once 
w i t h  armors. Quite  a d i s t a n c e  between armors and s o l a r  cel ls ,  but  t h e  
problem we were t r y i n g  t o  so lve  a t  t h a t  t i m e  was t o  g e t  t o  a s t r u c t u r e  
t h a t  would be composed of aluminum oxide p a r t i c l e s  o r  p l a t e s  b u i l t  
t oge the r  with very t h i n  metal f i l m s ,  and l o  and behold,  one of t h e  b e s t  
systems was t i n  t i t an ium hydride.  It i s  becailse, a t  t h e s e  temperatures  
t h a t  you mentioned, t i t an ium hydride decomposes; t i t an ium d i s s o l v e s  i n  
t i n  and you have a l i q u i d  metal  t h a t  w e t s  and bonds t o  the  ceramic 
s u r f a c e ,  oxide ceramic su r face .  
f i r i n g ,  you don't  ge t  a good adherence of your me ta l l i za t i -on ,  of bonds 
of  y c u r  m e t a l l i z a t i o n  t o  s i l i c o n .  I would propose t h a t  you don ' t  g e t  i t  
because you have a very c l e a n  s i l i c o n  su r face .  
s i l i c o n  oxide on i t ,  then you have t h a t  t i n - t i t an ium l i q u i d  we t t ing  t h e  
su r face  and bonding. I f  you remove the  oxide completely,  you don ' t  have 
bonding. 
t h i n  oxide f i l m  on your s i l i c o n  and you r e s t o r e  bonding. 
You say t h a t  i n  the  case  of hydrogen 
I f  you had t r a c e s  of 
I f  you use carbon monoxide, you would probably r e s t o r e  very 
GARCIA: Well, one t h i n g  w e  d id  t r y  was no c l ean ing  a t  a l l ,  which I wciuld 
assume would l eave  some oxide on t h e  c e l l .  That d i d n ' t  help.  We a l s o  
t r i e d  p u t t i n g  a b i g  oxide on t h e r e  by j u s t  d ipping the  s o l a r  c e l l s  i n  
hydrogen peroxide.  
thought it might. That d i d n ' t  h e l p  e i t h e r .  So I am not sure t h a t  was 
the problem. 
I was not s u r e  i f  t h a t  would p u t  oxide on, but I 
BEAVIS: Of  course when you put i t  i n  hydrogen l i k e  t h a t ,  i f  i t  is r e a l l y  p u r e  
hydrogen, what happens is t h a t  t h e  oxide reduces,  because t h e r e  is oxide 
t h e r e  anyway in t he  beginning. Have you t r i e d  any with p u t t i n g  water  -- 
i n  o the r  words, wet hydrogen? 
the oxidized s t a t e .  I am not  sure what tile f ree  e n e r g i e s  f o r  t i n  oxide 
a r e ,  I don ' t  remember r i g h t  o f €  hand, but i t  would c e r t a i n l y  keep t h e  
s i l i c o n  oxide on the  s u r f a c e  i f  you have water i n  i t .  
That w i l l  c e r t a i n l y  keep t h e  s i l i c o n  i n  
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GARCIA: We have no t  t r i e d  t h a t .  
BEAVIS: That i s  a classic way, by t h e  way, of doing those  sorts of  t h ings .  
It is j u s t  w e t  hydrogen. 
BICKLER: Bernd Ross had concluded t h a t  i t  is t h e  nydrogen occupying t h e  f r e e  
s i l i c o n  sites and p reven t i ag  t h e  chemical bonding to t h e  s i l i c o n ,  i t  is  
not  t h e  l a c k  of t h e  oxide,  carbon monoxide i s  s u f f i c i e n t l y  reducing to  
handle  t h a t  a spec t  of t h e  t h i n g  bu t  i t ' s  occupancy of s i l i c o n  s i tes  by 
hydrogen, q u i t e  s imilar  t o  sme of t h e s e  hydrogen involvements with 
s i l i c o n  we are s e e i n g  i n  p o l y c r y s t a l l i n e  cells .  
BURGER. I f  1 remember t h e  o r i g i n a l  work with t h e  moly-tin systems, wasn't  
Lilat molybdenum pentoxide and t i t a n i u m  r e s i n a t e  with pure t i n ?  
GARCIA: I am no t  aware of t h a t .  I d i d n ' t  worry about t h a t .  
GALLAGHER: In  t h e  o r i g i n a l  Midfilm program, w e  used both moly t r i o x i d e  
and moly metal .  
GARCIA: This wasn't  a t  t he  end of t h e  Midfilm c o n t r a c t .  
GALLAGHER: That i s  t h e  one we a r e  t a l k i n g  about ,  where we used molymetal and 
mo 1 y t i n .  
GARCIA: Yes, w e  did.  But we  d i d n ' t  use  a r e s i n a t @ * .  
GALLAGHER: Yes, t h e r e  w a s  a r e s i n a t e  i n  i t .  
GARCIA: There was? Maybe. 
WONG: I have a q u e s t i o n  f o r  Don (B ick le r ) .  This w i l l  c l e a r  up my mind on t h e  
hydrogen business .  
has  a lo t  of dangl ing bonds and t h e  hydrogen wants t o  s a t i s f y  those  
dangl ing bonds? 
o t h e r  -- 
Are you say ing  t h a t  t h e  f r e e  s u r f a c e  of t h e  s i l i c o n  
And becomes s t a b l e  so t h a t  i t  won't r e a c t  any more with 
BICKLER: That is  the  understanding t o  da t e .  
AMICK: I would t h i n k  t h a t  p i c t u r e  a t  600° is  very u n l i k e l y  because 
amorphous s i l i c o n  goes t o  p i eces  at  something l i k e  500° and you l o s e  
the  hydrogen a t  t he  s u r f a c e  even down a t  400° i n  f i r i n g .  
BICKLER: Well, it goes through a l l  t h e  temperatures  i n  the  furnace.  It  i s  
s t i l l  i n  t h e  hydrogen atmosphere as i t  comes back out .  
AMICK: But a t  t h e  t i m e  you a r e  a c t u a l l y  t r y i n g  t o  form the  bond, i t  is  a t  
high temperatures.  
GALLAGHER: Well, a c t u a l l y ,  Bernd Ross d i d  s m e  nuc lea r  resonance s t u d i e s  with 
SUNY wherein he not  only showed t h a t  hydrogen had taken c a r e  of dangl ing 
bonds a t  t h e  s u r f a c e  bu t  t h e r e  was a c t u a l l y  hydrogen w i t h i n  t h e  
s t r u c t u r e  t o  some depth. Depth b e i n g  i n  Angstroms. 
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WICK: After you come back down t o  roau temperature, I can be l ieve  the  
hydrogen was i n  there;  the  quest ion is, whether i t ' s  a t  the  sur face  
i n t e r f e r i n g  with something, at the teapera ture  a t  which you are t ry ing  
t o  put i t  in .  
G A L W H E R :  I don't  know - a l l  I know i s  t ha t  the  samples were done i n  both 
hydrogen and CO and sen t  ( t o  SUh 
we got back curves t h a t  s a id  there  is hydrogen i n  the re  and hydrogen 
absorbs - 
and he performed t h i s  experiment and 
BICKLER: H e  was working with copper; i t  wasn't molytin. H e  experienced the  
same problem and it was because of t h a t  experience t h a t  Alex (Garcia) - 
GARCIA: That is why I went t o  the carbon monoxide. 
TAYLOR: We have been looking a t  t h i s  quest ion a l s o  and have looked a t  sys tems 
i n  &ich we f i r e  the  molybdenum t i n  and a l s o  w e  have looked a t  other  
meta:l izations i n  a forming gas-type atmosphere and we have observed the  
saw loss  o f ,  or f a i l u r e  t o  develop, adhesion the re  even when you go 
down t o  very loo concentrat ions of hydrogen i n  the  molecular atmosphere, 
down below 1% hydrogen. 
BLAKE: One of the  things we not iced i n  the  study of the  e f f e c t  of hydrogen 
on adhesion i s  tha t  we could take s i l v e r  bonds t h a t  were very s t rong and 
pass a l l  the tests, expose the  bonds t o  hydrogen a t  e leva ted  
temperatures, and get  a complete release with no t r a c e  of adhesion. So 
we f e l t  t ha t  hydrogen w a s  ins inua t ing  i t s e l f  between the bond i n  some 
way t h a t  we were not aware of and causing a release of the  bond t h a t  w e  
had previously.  
SOHBERG: What temperature would it  take t o  do t h a t ?  
BLAKE: Oh, about 550° and up. 
TAYLOR: We have seen tha t  same thing going on i n  s in t e red  aluminum f i r ing .  
We f i r e d  i n  a very weab hydrogen atmosphere a t  550° t o  60C0 
temperatcre. 
BLAKE: It is t ha t  observation t h a t  caused u s  t o  s ta r t  t o  do more work with 
SUNY t o  f ind out whether or not hydrogen is  present  on the  surfaces.  I 
don't think i t  i s  a l l  t ha t  conclusive a t  t h i s  s tage.  We have t o  get  
more work done on it .  
GARCIA: I might say tha t  the c e l l s  w e  a r e  f i r i n g  i n  carbon monoxide w e t  the  
s i l i c o n  very n ice ly  snd on microscopic appearance they looked very 
good. They look l i k e  a very good coat ing,  whereas on the ones where the  
hydrogen was used, the f i lm was much more rough and appeared t o  be more 
pa r t i cu la t e  i n  nature ,  ins tead  of a r e a l  f i l m .  
HOGAN: Two questions.  F i r s t  of a l l ,  what was the  s e r i e s  r e s i s t ance  on 
the c e l l s ?  
GARCIA: On the good c e l l s ,  t he  s e r i e s  r e s i s t ance  walr about 30 t o  40 
milliohms. Bad c e l l s  could get  up a s  high as  you wanted it .  But the 
c e l l s  I showed you, t ha t  showed good curve shape, I would say between 30 
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and 60 milliohms for that cell, which is something we feel is acceptable 
for that size cell. 
HOGAN: The other question was: with the ITO, what was the sheet resistivity 
as received, and also after you reoxidized? 
GARCIA: We didn't make those measurements. I belizve that 150 ob-cm is 
the number. I'm not sure what it is. 
GALLAGHER: Tell them how long you have had them, maybe that would explain. 
GARCIA: I did this work last week. So we really haven't done too much work 
on these films. 
HOGAN: That might be something that you would want to look at. 
GARCIA: Yes. The thing is, we found that there is sufficient conductivity so 
that we don't have a problem with series resistance. 
the curve shape and everything, we are saying there is enough 
conductivity. We are more interested, I think, in the 
adhesion-srmoting abilities underneath it than on the conductivity of 
the cell. I t  helps, but I don't-think that that extra boost in 
conductivity might make that much difference. 
Just by analyzing 
NICOLET: N o  questions. What is this system's advantage over the silver 
sys tem? 
GARCIA: Weil, in theory, it should be cheaper. We had originally hoped that 
this could be done using a forming gas atmosphere and could be done in a 
conventional IR furnace of some sort. 
NICOLET: Second question. Did you ever solve the solubility problem? 
GARCIA: We have not solved the solubility problem yet. 
NICOLET: Why don't you get good soldering? It appears you have plenty of 
tin. 
GARCIA: I don't know. We are still not getting good sintering from particle 
to particle with good adhesion on the final product. 
TAYLOR: Have you done any scanning electron microscope work on these films? 
GARCIA: No. That's our next task. 
TAYLOR: We did some work with tin-nickel mixtures and in exraining those 
under scanning electron microscope, we discovered that the tin has a 
terrible propensity for agglomeration. We got real fine tin particles 
there but you can't find them, they are all in big boulder-agglomerated 
particles. That agglaneration tendency might be playing some kind of a 
role in what you are seeing here. 
GARCIA: That is possible. 
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PARKER: Do you know whether you are getting any compounds of molytin that 
might interfere with your tinning? 
GARCIA: I don't know. 
STEIN: Did you see any difference in solder wettability between the 80% tin 
and the very low tin? In other words, does that play a role? 
GARCIA: We did try some solder tests to the B through E pastes and they 
weren't good. 
be soldered either. 
firing of the A paste. 
metallization and the metallization would stick together even though it 
wouldn't be on the cell. 
pretty little doodad I stuck on my door. 
I didn't look at them that carefully but they could not 
The closest to soldering was using the hydrogen 
Then you could actually solder to the 
You could hold it in your hand, and I made a 
TAYLOR: How about trying some just pure tin and see if you could solder that? 
GARCIA: That's a thought. Try pure tin. I might try that. 
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POLYMER THICK FILII CONDUCTORS AND DIELECTRICS FOR 
HEEIBRANE SWITCHES AND FLEX I BLE C I  R C U I T R Y  
LN84 2 1 9 9 4  
N. Nazarenko 
E.  I . du Pont de Nemours 6 Company, Inc.  
W i  lmington, DE 19898 
DESCRIPTION OF THE 1lEHBRANE SWITCH 
The membrane sw i t ch  func t i ons  as a normal ly open, momentary contact ,  
low-vol tage pressure-sensi t ive device. I t s  design i s  a th ree - laye r  sandwich 
u s u a l l y  const ructed of  po l yes te r  f i l m .  Conductive pa t te rns  a re  deposi ted 
onto the nner s ide  o f  top and bottom sheets by s i l k  screening. The center  
spacer i s  then placed between the t w o  c i r c u i t  layers to  form a sandwich, 
genera l l y  he ld together by an adhesive. When pressure i s  app l i ed  t o  the 
top l aye r  i t  f l e x e s  through the punched openings o f  the spacer t o  e s t a b l i s h  
e l e c t r i c a  contact  between c o n u c t i v e  pads o f  the upper and lower sheets, 
momentarily c l o s i n g  the c i r c u i t .  Upon release o f  force the top sheet 
spr ings back t o  i t s  normal open p o s i t i o n .  
The membrane touch w i t c h  i s  being used i n  a r a p i d l y  expanding range 
o f  app l i ca t i ons ,  i nc lud ing  inst rumentat ion,  appl iances, e l e c t r o n i c  games 
and keyboards. I t s  broad acceptance r e s u l t s  from i t s  low cost ,  d u r a b i l i t y ,  
ease o f  manufacture, cosmetic appeal and design f l e x i b i l i t y .  
The p r i n c i p a l  e l e c t r o n i c  components i n  the  membrane sw i t ch  are the 
conductor and d i e l e c t r i c .  
CONDUCT I VE INKS 
Polymeric conduct ive inks t yp  c a l  l y  cons 
conduct ive metal powder, polymer and so lvent .  
s t  o f  three bas ic  components: 
S i l v e r  i s  the predominant 
metal used I t  has the advantages o f  moderate cost  and lonq-term conduct ive 
stab; 1 it;.. 
Yhs po1yi9er performs th ree  key funct ions.  I t  binds the conductor t o  
the sub.:trate, provides cohesion o f  the s i l v e r  p a r t i c l e s  and p r o t e c t s  the 
conductor from ex te rna l  chemical and enviornmental e f f e c t s .  
The r o l e  o f  the so lvent  i n  the conduct ive i nk  i s  t o  d i s s o l v e  the 
polymer, c o n t r o l  v i s c o s i t y  and wet the po lyes tc r  surface. The screened 
i n k  i s  genera l l y  d r i e d  i n  a ho t  f o r c e d - a i r  oven t o  remove so lvent  and bond 
the polyrrer t o  the subst rate.  I d e a l l y ,  the so lvent  must evaporate r a p i d l y  
from the p r i . l t e d  c i r c u i t ,  ye t  a t  the same t ime a l s o  must have a l i m i t e d  r a t e  
of  evaporat ion on the screen a t  ambient temperature t o  minimize v i s c o s i t y  
change and screen c logging.  
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Processing has a pronounced e f fec t  on the performance of  conduct ive 
inks.  The processing o f  a conductor composi t ion can be separated i n t o  two 
broad operat ions:  screen p r i n t i n g  and d ry ing .  Key parameters t h a t  a f f e c t  
p r i n t i n g  a re  i nk  rheology, squeegee r a t e  and pressure, surface tension, 
screen ma te r ia l s  and residence t ime on screen. 
Rheology i s  t he  p r i n c i p a l  p roper t y  a f f e c t i n g  the p r i n t a b i l i t y  o f  
polymeric t h i c k  f i l m s .  
Another major cons ide ra t i on  i s  the s e l e c t i o n  of  app rop r ia te  screening 
ma te r ia l s .  Various types o f  screen c l o t h s ,  mesh s i zes ,  screen emulsions, 
and squeegees a re  a v a i l a b l e .  
by an ink,  and tha t  determines cost .  Cor re la t i ons  have been developed t h a t  
compare the coverage o f  conduct ive inks t o  sheet r e s i s t i v i t y .  
Mesh s i z e  governs the  coverage area a t t a i n a b l e  
A i r - d r i e d  s i l v e r  inks a re  governed by a t ime/temperature r e l a t i o n s h i p .  
The improvements i n  c o n d u c t i v i t y  and f l e x i b i l i t y  t h a t  occur w i t h  increased 
temperature a re  a t t r i b u t a b l e  o n l y  i n  p a r t  to  more e f f i c i e n t  so l ven t  removal. 
To a greater  extent,  the source o f  the improvements can be t raced t o  
stronger bond format ion between polymer and f i l m .  
The proper ty  s p e c i f i c a t i o n s  and t e s t  methods used t o  evaluate i n i t i a l  
and aged performance o f  polymeric t h i c k  f i lms  vary w i t h  manufacturers and 
s p e c i f i c  app l i ca t i ons .  Some of  the more important conduct ive i n k  p r o p e r t i e s  
tes ted  f o r  are: r e s i s t i v i t y ,  adhesion, abrasion res is tance,  f l e x i b i l i t y  and 
use temperature. 
Retent ion of  these p r o p e r t i e s  a f t e r  long-term exposure t o  environmental 
contaminants and changes i s  c r i t i c a l  t o  a i e l i a b l e  membrane swi tch.  The 
impact o f  temperature/humidity c y c l i n g ,  thermal shock and v i b r a t i o n ,  
moisture, s u l f u r  and s a l t  i m p u r i t i e s  on ased performance must be minimized 
under var ious i ndus t r y  cond i t i ons .  
Du P o n t ' s  new generat ion of  polymer t h i c k  f i l m  s i l v e r  conductors, 
5005 and 5007, were developed t o  meet the i ndus t r y  s p e c i f i c a t i o n s .  
Many membrane touch swi tch products do no t  r e q u i r e  the low res is tance 
suppl ied by a l l  s i lver-based conduct ive inks.  To c u t  costs ,  manufacturers 
use products conta in ing less s i l v e r .  A recent e n t r y  i n t o  t h i s  market i s  
Du Pont 5006, a non-conductive aluminum-based polymeric i nk .  I t  was 
developed s p e c i f i c a l l y  t o  be b ended w i t h  e i t h e r  Du Pont 5005 o r  5007 
s i l v e r s  t o  g i ve  a v a r i a b l e  res stance system. The blended product e x h i b i t s  
un i form p r i n t a b i l i t y  and excel  en t  e l e c t r i c a l  and phys i ca l  p r o p e r t i e s .  The 
operable c o n d u c t i v i t y  range i s  15 t o  250 rnQ/sq/mi 1. 
DIELECTRICS 
Current needs f o r  d i e l e c t r i c s  i n  touch switches a r e  t o  i n s u l a t e  the 
swi tch t a i l  from the environment and f o r  c o n s t r u c t i o n  of  crossovers.  The 
d i e l e c t r i c  compositions must meet c e r t a i n  performance standards. They must 
cure t o  f l e x i b l e ,  ab ras ion - res i s tan t  f i l m s ,  w i t h  good adhesion t o  bo th  
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the subst rate and t o  the conduct ive inks.  They must be f r e e  o f  p inholes,  
have a low d i e l e c t r i c  constant, h igh  i n s u l a t i o n  res is tance and h igh  break- 
down vo l tage.  
Several d i f f e r e n t  approaches can be used t o  process a polymeric 
d i e l e c t r i c  which inc lude a i r - d r y ,  heat-cure and bV cure.  UV cure systems 
o f f e r  several  advantages - very r a p i d  cure a t  near ambient temperature, 
no so lvent  emissions and excel  l e n t  e l e c t r i c a l  p roper t i es .  
UV c u r i n g  i s  the process by which a l i q u i d  changes t o  a s o l i d  under 
the a c t i o n  o f  UV l i g h t .  To accomplish t h i s ,  p h o t o i n i t i a t o r s  a re  used. 
These become a c t i v a t e d  by absorpt ion o f  the UV energy, and i n  t u r n ,  i n i t i a t e  
the photopolymerizat ion o f  the monomer and ol igomer, the main c o n s t i t u e n t s  
o f  the UV curable formulat ion.  The monomers and ol igomers a re  se lected so 
t h a t  the cured polymer has the des i red phys ica l  and e l e c t r i c a l  p r o p e r t i e s .  
As w i t h  conductors, optimum phys ica l  and e l e c t r i c a l  p r o p e r t i e s  o n l y  
w i l l  be obtained i f  the d i e l e c t r i c  i s  processed c o r r e c t l y .  UV l i g h t  output  
and exposure t ime a re  the p r i n c i p a l  va r iab les  which govern cu r ing  e f f i c i e n c y .  
Du Pont 's 5011, a recen t l y  developed UV curable d i e l e c t r i c  meets the 
membrane swi tch i ndus t r y  p roper t y  requirements i f  p roper l y  cured. 
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OHlGlNAL PAGE ;g 
OF POOR QUALITY 
5005 Silver Resistivity vs Drying Conditions 
5005 Silver Conductor Crease Resistivity vs Drying Conditions 
U 
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Resistance vs Coverage of 5007 
(I: 
12 
10 
/. 200-MESH - STAINLESS STEEL - 
- - 
325MESH 
STAINLESS STEEL 
STAINLESS STEEL 
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Blend Curves of 5007-5006 vs Graphite Dried at 1 2OoC 10 min 
249 
Key Industrial Property Requirements 
for Polymer Thick-Film Conductors 
Physlcal Test 
Sheet ReSiSt iV i t~ :  Expressed mn/sq/mil 
Adhesion: ASTM 03359-78 
Abrasion: ASTM 03363-74 
Flexibility: ASTM D2176-69 
Circuit Temperature Limit Tg (DSC) 
Con tact Resistance: Mil Std-202, Method 307 
Environmental Test 
Thermal Shock 
Salt Spray: 
Silver Migration: 
Sulfur: 
Life a t  Elevated 
Tempera tures: 
Boiling Water: 
Humidity: 
~ ~~ 
Mil Std-202F, Method 1070, 
Test Condition A 
ASTM B117 
1000 h r / l V  DC/mil gap a t  4O0C/9O% R H  
1000 hr, 500 mg S in 9 liter chamber, 
45"C/90% R H  
IO00 hr/8S0C 
2 hr 
Mil Std-202E, Method 102 (1000 hr, 
60" C/95% RH) 
Performance of PTF Conductors 
Process ino Du Pont 5OCS Du Pont 5007 
Screening e a u i m n t  High SDWd, lOW temp. Semi -automat i c 
Substrates Polyester. uolvimide, e w x y  glass, Dolvcerbonate 
Prwerries on plylor?. Film GoverPed by time and tmerature 
Dry Cona!t Ions: 9O'C/5 min. 120'C/5 min. 
Initial Sheet Resistivity, m;/sc/Pil -15 5 
Resistivity After Crease Test 90 40 
AShes!on (Cross-hatch) looz DOSS 100% DOSS 
Abrasion 3esistance :2H y2  H 
circuit Tmoerature Limit ~70'C r7O'C 
Environmental Results of 5007 Conductor: 
Initial Circuit Resistivity = 14.4 ohms 
Test 
Elevated Temperature no00 hrl 
Sulfur iim hrl 
Humidity rim hr) 
Pg Mlgratlon [io00 hr) 
Boiling water (2 hri 
Salt Spray ism hrl 
Thermal Shock IS CYCIW 
- __ __ 
Sheet Resistivity 
AFter l e s t  (II) - _- 
15.7 
14.3 
10.2 
No migratlon 
14.0 
13.9 
14.7 
% - Change 
-2.1 
- .7 
-1.4 
N/A 
-2.8 
-3.5 
-2.1 
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ORIGINAL PAGE E 
OF POOR QUALIW 
Membrane Touch Switch Termination Tail Encapsulant 
ines 
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ORIGINAL PAGE ig 
OF POOR  QUAL^^ 
Membrane Touch Switch Insulator to Allow Conductor Crossovers 
Dielectric E- 
Switch Tail 
Connector 
Advantages of UV-Curable Dielectric 
Processing 
Rapid low Temperature Cure 
No Solvent Emissions 
Equipment: 
- Minimal space Requirements - Low Energy Cost 
Physical Property 
Pinhole-Free 
0 No Solvent Diffusion into Conductor 
Excellent Electrical Properties 
- ~ - -  
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OR1GIMAL PAGE 29 
OF POOR QUALllV 
Key Industry Requirements for Polymer Thick-Film Dielectric 
Physical 
Abrasion: 
Flexibllitv: 
Ad heslon: 
Pinhole-Free 
Screen Prlntable 
low Temperature. Rapld Cure 
Elect r lCal  
Breakdown Voltage: 
Dielectric Constant IK): 
Surface Reststivlty: 
Disslpatlon Factor: 
- Test - 
ASTM 03363-74 
ASTM D2176-69 
ASTM 03359-78 
Test 
ASTM DlSO 
ASTM Dl50 
ASTM D257 
ASTM Dl50 
Test E~itonmental -
Mil Std-202F, Method 107D. 
Test Conditlon A 
1000 hr185"C 
Thermal Shock: 
Llfe a t  Elevated Temperature: 
Humidlty: 
salt r-*7y: 
Ag MIL. .tlon: 
Sulfur: 
Mil Std-202E. Method 102. ~1ooO hr. 
OO"C190Y. RHI 
ASTM B1 17 
1000 hr; 1 V  DClmll gap a t  40"Cl 
90% RH 
lo00 hr. 500 mg flower of S In 
9 liter. 45"C/90% RH 
Effect of Proper vs Improper Cure of Dielectric 
Correct I y 
Cured 
Print 
Incorrectly 
Cured 
Print 
2 54 
ORlGlNAL PAGE $9 
OF POOR QUALIW 
Performance Results of Du Pont UV-Curable Dielectric 501 1 
(Properties of Mylar Film With 5007 Conductor) 
Physical 
Abrasion Reslstance: 
Flexlblll ty: 
Adhesion - (Tape Pull1 
DlelKMC to Polyester: 
Conductor to Dielectrlc: 
Odorless 
Electrical 
Breakdown Voltage: 
DleleCtrlc Constant: 
Surface Resistlvlty: 
DlSSlpatIOn Factor: 
22H 
NO Cracklng 
Excellent 
Excellent 
>600 V/mll 
<Sat l K H Z  
>lo" Qlsq 
1.2% 
Envlrcnmental 
Thermal Shock f5 cycles) 
Humldlty rlooO hrl 
Salt Spray (240 hrl 
Ag Mlgratlon ~1000 hrl 
Sulfur ti000 hr) 
. Surface Reslstlvlty Decreases 
10 to 100 a/sq 
'capacitance. OF. Adhesion 
and Hardness, Show No Change 
'NO Ag Mlgratlon 
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DISCUSS ION 
QUESTION: What is the ratio of inorganic constituents to constituents? 
NAZARENKO: It has less than 1% -- well, I think it is an inorganic -- it is a 
pigment to give it color. That is the only reason it is there, and it 
could be organic. I am not sure exactly what the composition of the 
pigment is. We have a clear version also, which is 5012, which has no 
inorganics in it at all. 
ROYAL: I think I heard you say that the silver migration problem that 
apparently went away because there were no ionic impurities that came 
out -- is that the solution to silver migration? 
NAZARENKO: That is one of them, and when I use the term ionic impurities, I 
am comparing i: with a fired system where we have glass frits, and there 
you have a lot of ionics, which are needed to initiate the silver 
migration mechanism. In this system we don't use glass frits so we have 
avoided one potential problem. The other difference is that in fired 
systems you burn off the organics so you have just metal, sintered metal 
that is really ready for moisture penetration and reaction. Here we 
have polymer as a barrier, and because of those two factors we 
explained, the absence of migration. 
WONG: Do people in this area, the thick-film polymer conductor area, usually 
use thermoplastic polymer? 
NAZARENKO: Yes. There are thermoplastics and thermosets. Here we are 
using thermoplastics because we need flexibility, and thermosets which 
are crosslinking materials, usually result in a brittle or inflexible 
product. Thermoplastics are usually more flexible. 
WONG: How about from a processing point of view? 
NAZARENKO: Also from processing -- crosslinking materials are usually one 
parts, two parts. The problem with two parts is that they have short 
pot life. One part usually takes longer to cure than the times that we 
are indicating here. The industry is driving to faster processing. 
That is where they see a saving. 
WOLF: I noticed that the conductivity in your films is 1/20th of bulk 
conductivity. It seems the glass-frit, high-temperature-fired inks give 
you about 1/3 of part conductivity. 
NAZARENKO: No. We are talking about 10 to 15 milliohms per square per mil -- 
WOLF: That makes about 1/20th of bulk conductivity. If you used a bulk 
conductor you would have 0.6 milliohms. 
NAZARENKO: We have polymer in here. So we are never going to achieve the 
type of conductivity that you are going to get in bulk or fired. 
WOLF: I just wanted you to be aware of that. 
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NAZARENKO: That's right. 
WOLF: With solar cells, very high conductivity is necessary. 
SOMBERG: People talked earlier about the silver migratiol; problem and people 
mentioned that possibly what is needed is a coating for  the base-metal 
systems. 
system might be applicable to coating a glass inorganic bystem? Would 
that be applicable? 
Would you suspect that the polymers you are using in your 
NAZARENKO: Possibly. Yes. We have tested the silver migration up to 1000 
hours at 60OC/90% RH. 
application but we feel confident that that silver migration is not a 
pr ob 1 em. 
I don't know if that is long enough for your 
LANDEL: I didn't get the conditions of that test. What is the voltage 
applied there ? 
NAZARENKO: Voltage is applied according to the spacing between the conductive 
We did one where the spacing was 8 mils so 
In another pattern we had a 301nil spacing 
lines. So we did two cases. 
we applied &volt potential. 
so in that kind of pattern we used 30 volts. 
particular separation. 
So it is applied to the 
GALLAGHER: You showed an adhesion test, and you had in parentheses 
cross-hatched. I am not familiar with that. Could you explain that? 
NAZARENKO: This is an ASTM test. It is a Scotch-tape test. But you can 
semiquantit.ate it by cutting squares into it, you just lightly etch, 
say, a grid of 100 squares all the way through, then you put the tape 
on, and then you pull it off, and then you could count how many squares 
you pull o f f .  
difficult to define what is a pass-test and what is a fail-test. 
So you can now talk to someone -- otherwise, it is 
GALLAGHER: What size are the grids? 
NAZARENKO: It depends on your pattern. If you have -- 
GALLAGHER: Is there any set pattern? 
NAZARENKO: N o .  You just want segments. 
HOGAN: Has anyone been successful in utilizing the polymer in thick-film 
conductor for solar cells? 
NAZARENKO. No. I haven't heard of any. The polymer thick-film -- one'of the 
problems with it is that it has poor solderability. Because you have a 
barrier; you have a layer of organic above the silver particles, say, to 
wet those silver particles, the silver has to diffuse and get up above 
this barrier to accept the solder, and that is a problem. 
HOGAN: Is there also a barrier at the interface? At the surface -- at the 
top surface? 
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NAZARENKO: Yes. A t  t he  top  su r face .  So t h e r e  are  ways -- we have a program 
now going on t o  t r y  t o  so lve  t h i s  problem t o  make t h e s e  m a t e r i a l s  
so lde rab le .  I t h i n k  you can add t o  the  material system t o  move t h e  
s i l v e r  up t o  the  s u r f a c e .  
BLAKE: Could you g ive  u s  a rough idea  of the c o s t  per gram of the  s i l v e r  
polymer? 
NAZARENKO: Again, i t  depends on the market p r i ce , ,  but  a t  $10 f o r  s i l v e r ,  
i t ’ s  between 40 and 45 c e n t s .  
ADDZTIONAL DISCUSSION OF SESSION I11 
GALIAGHER: Are t h e r e  any ques t ions  from Session 111, anything t h a t  came t o  
mind f o r  t he  l a s t  speakers? 
LANDEL: I have one f o r  t he  l as t  speaker (Nazarenko) and the  audience. What 
conduc t iv i ty  would be required i f  you wanted t o  use such polymeric f i l m s  
f o r  the c o l l e c t o r s ,  and can t h a t  be ach ievab le  wi th  t h i s  s o r t  of system? 
GALLAGHER: Do you want t o  answer t h a t ,  Martin (Wolf)? 
WOLF: My personal  f e e l i n g  i s  t h a t  w e  need bulk conduc t iv i ty .  So even t h e  
s i n t e r e d  s i l v e r  f o r  the amount of expensive metal  you lrse i n  t h i s  f i l m  
is  b a s i c a l l y  not  good enough. 
conduc t iv i ty .  
degradation. 
I don ' t  t h ink  we t a n  accept  1/20 of bulk 
It would cause much too much shading along with 
GALLAGHER: One o t h e r  comment I would l i k e  t o  make is ,  Nick (Nazarenko), I 
no t i ced  you s a i d  you gave those as a func t ion  of t h e  th i ckness  i n  m i l s .  
Standard t h i c k  f i l m s ,  by t h e  t i m e  w e  f i r e  them, are &n t h e  range of 
about one h a l f  a m i l ,  i s  t h a t  c o r r e c t ?  Do people buy t h a t ?  How t h i c k  
a r e  your f i lms?  
NAZARENKO: About a ha l f  a m i l .  
GALLAGHER: Could we j u s t  make them t h i c k e r  be fo re  we get t o  shadowing? Would 
you buy t h a t ?  
WOLF: But you are l i m i t e d  by how t h i c k  you coul8 go, u s n a l l y ,  r e l a t i v e  t o  the 
width, nqimber one, and number two by process  a p p l i c a t i o n s .  I have my 
doubts ttlat you can make i t  20 times--12 microns t h i c k  f o r  l i n e  widths 
of 100 microns. 
NAZARENKO: What kind oi r e s i s t i v i t y  are you g e t t i n g  with t h e  f i r e d  s i l v e r  
i nks?  
WOLF: About 1/3 of bulk conduct ivi ty .  
HOGAN: J u s t  a general  question. In l i g h t  of t h e  new e f f i c i e n c i e s ,  a r e  
thick-f i lm con tac t  systems f e a s i b l e ?  
e f f i c i e n c i e s ?  
From t h e  proposed system 
GALLAGHER: I t h i n k  you have t o  g e t  back t o  the  economics. Agreed t h a t  once 
w e  ge t  h igh -e f f i c i ency  c o n s t r a i n t s  put upon u s ,  we  can spend more money 
on the sys tem but I don ' t  know i f  we w i l l  eve r  g e t  ou r se lves  t o  t h a t  
po in t  i n  l i f e  where we can a f f o r d  these  Low c o n d u c t i v i t i e s .  
HOGAN: You a t e  saying we can spend more money? 
GALLAGHER: We can a f f o r d  more money f o r  t h e  m e t a l l i z a t i o n  system i f  we have a 
15% module because balance of system c o s t s  on the  o t h e r  end a r e  going t o  
go down, so it g ives  us a b igge r  chunk of t h e  pot t o  ge t  t h e r e  from 
here.  
t h a t  we can use an evaporat ive o r  s p u t t e r e d  sys tem to o b t a i n  a "good" 
Ye are r a p i d l y  running i n t o  t h a t  po in t  i n  l i f e  where we can see 
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m e t a l l i z a t i o n  system; but we don ' t  know what t h e  econonics a r e  because 
nobody wants t o  spend the  money t o  do t h e  experimentat ion dnd 
development f o r  t he  r equ i r ed  too l ing .  I don ' t  know how we handle  t h a t  
any more. Somebody has t o  come up, l i k e  an ARCO, and say I a m  i n  t h i s  
bus iness  and I am going t o  spend the money and I am going t o  make an 
automated l i n e .  And go make t h e  automated l i n e  and run i t  and s e e  what 
t he  c o s t s  r e a l l y  are. We s i t  he re  now and we  do t h i n g s  i n  t h e  
l a b o r a t o r y  and we make n i c e  c e l l s  and w e  f i g t i t  very hard t o  g e t  very 
l a r g e  areas and we  do g e t  large-ared c e l l s  with good e i f i c i e n c i e s ,  but 
we don ' t  make them economi , a l l y ,  and we c a n ' t  produce them i n  volume. 
TAYLOR: On t h a t  ques t ion ,  Brian,  t h e r e  are two elements.  One i s ,  you have t o  
have somebody who has  access  t o  the money t o  spend but then you have t o  
have somebody who has  a conv ic t ion  t h a t  t h v e  i s  a good chance t h a t  t h a t  
w i l l  work. 
c r e a t i n g  a c r e d i b i l i t y  f o r  an expensive process .  
Ana I th ink  t h a t  is  where a good b i t  oE t he  problem i s ,  i n  
GALLAGHER: I t h i n k  t l a t  i s  .-greed and I th ink  the  f i r s t  speaker t h i s  
af ternoon w i l l  g ive us a f e e l i n g  f o r  t h a t ,  won't you, A1  ( K i r k p a t r i c k ) ?  
Because what he i s  going t o  t a l k  about is i n  t h e  same b a l l  park. 
Somebody had t o  make a commitment, had t o  be a champion, i t  took a l o t  
of money t o  make t h e  gear when they made i t  anr? foun2 out  i t  was worth 
i t .  They p ro jec t ed  t h a t  i t  would be worth i t ,  and i t  - w d s  worth i t .  
Anything else on the  th i ck - i i lm  s e s s i o n ?  Remember, a l l  t h i s  d i s c u s s i o n  
A,npsn't d i e  r i g h t  here .  
anything t h a i  5-ppened e a r l i e r ,  no matter what s e s s i o n  i t  was. A t  t h e  
end of t h e  program, somc.t;me tomorrow morning, we w i l l  d i s c u s s  aga in ,  
revamp the whole t h i n g  i f  you so d e s i r e ,  so i f  you g e t  something i n  y c i u ~  
noodle wandering around and you want t o  f i n d  an answer, b r i n g  it back. 
A t  t h e  end of every s e s s i o n ,  we c a s  d i s c u s s  
You had a q u e s t i o n ?  
B U ; E :  I was s o r t  of cu r ious  as t o  your personal  view on your r o l e  ir. 
developing base metal  i nks  €or  t h i c k  f i l m  systems. 
t h e  r e sea rch  was going t o  head -- what p rospec t s  you saw f o r  i t .  
Because I know f o r  q u i t e  a while  t h e r e  Rad been a num5er of e f f o r t s  
working very hard on it  and 1 : :  t o  now no th ing  has  come out t h a t  you can 
a c t u a l l y  po in t  t o  and say t h i s  i s  i t .  I j u s t  wondered where you f e l t  
t h a t  i t  was going. 
Where you thought 
GALLAGHER: When w e  s t a r t e d  a t  time ze ro  we d i d n ' t  r e a l l y  hG,& a s i l v e r  system 
I th ink  we have a s i l v e r  system t h a t  
I th ink  we have found t h e r e  were some problems with 
t h a t  was p a r t i c u l a r l y  ope ra t iona l .  
i s  o p e r a t i o n a l  now. 
the  systems -- people have always been adding a d d i t i v e s  but  not  t e l l i n g  
us what the  they were adding. The program a t  Spec t ro l ab  gave us a 
cookbook on how t o  use a s i l v e r  systrm. It i s  a w i l a b l e .  LookiIg a t  
t h i c k  f i l m s ,  one of t he  b i g  d r i v e r s  t h a t  drove us  i n  t h e  d i r e c t i o n  w e  
a r e  going now i s  t he  m a t e r i a l  c o s t .  A t  t h a t  p a r t i c u l a r  t i m e ,  s;I-;er. was 
going up t o  a p r e t t y  high l e v e l ,  so WP t r i e d  t o  remcve ?ilv;-  !fh- 
high-cost m a t e r i a l )  from t h e  system. 
copper-back system tha t  appears t o  work. That r : r r icdar  pristc L B < A  t 
a v a i l a b l e ,  y e t ,  i n  i ndus t ry .  The same c o n t r  , t  has given us a system 
t h a t  w i l l  a l low us t o  put a con tac t  on the. ; 
W i t h  Bernd Ross we birr a 
of aluminum f i r e d  i n  
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air, used as a back-surface field without removing the oxide of the 
allminum, whish is d time-consuming and an expensive process. The work 
wt are doing now in the moly-tin system mostly came about because of the 
rather wide process window we found in it not shunting. That is a very 
big plus. It looked as if the process window vas as wide as a barn 
door. That 1s where we ar.; ?ow. The rtason for having this Research 
Forunr is to find out, with our dwindling research bucks, where do we put 
them and how much bang per dolla can we get? 
opinion -- it is not going to be my personal decision, it is going t o  be 
a consortium of people who have looked at where should we spend this 
money. That i s  all I can tell you 
You asked me a personal 
WONG: How good is the conductivity L F  those systems, what C,R they achieve, 
and what conditions we are talking about -- photovoltaic conditions? 
GALLAGHER: Weli, i '  looks a= if -- you correct me if I am wrong, Martin 
(Wolf) -- but it looks as if any time we vise a thick-film material, no 
matter what it is, we appear at  best to get about a third oE the bulk 
resistivity. IC that correct? 
WOLF: The noble metals, che base-metal system;, you don't get anywhere near 
that, it seemc. 
WONG: Does it blow up, or v;.ai? 
WOLF: On the bulk conducto- . ,he noble-seti?l systems, you get to about one 
third oT the bulk condlictivity; with the basemetal systems it seems 
people are mostly an order of magr.iti*de below bulk cmducrivity. 
GALLAGHER: Are we that bad? 
GARCIA: Seven or eight. 
GALLAGHER: About oae seventh of the bulk? 
GARCIA: No. I'm saying that if silver is 0.5 we are at 7 ohm/crr. 
GALLAGHER: Thaiik YOU. 
GARCIA: The thing with the screen-printing technology as i t  . : today, you 
cann t get ir thin enough line to utilize silver properly, r o  for that 
reason it rniP5t be OK to use a non-noble system with higher cor?ductivity 
because it is available to the screen-print system. 
GALLAGHER: The other thing, of course, is that we are just now getting to 
that point in life where we are attempting to use TTO t o  bridge the 
gap. Use it as dual layer, additionally, as an AR coating, and we are 
not attempting to optimizz it in vork we are doing now. As an AR 
coating we are attempti..g to optimize it as a adjunct to the resietances 
we havr now. 
WOLF: But the sDlderability is still the probl, 1. 
G.9LLAGW.R: Tes ,  that is . -ect. 
S E S S I O N  I V :  ADVANCED TECHNIQUES 
R. Landel (Jet  Propulsion Laboratory), C h a i r m a n  
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IONIZED CLUSTBR BEAH DEPOSITXON 
Allen R. Kirkpatrick 
Eaton Xon Materials Systems 
Beverly, Massachusetts 01915 
Ionized Cluster Beam (ICB) deposition, a new technique 
originated by Takagi of Kyoto University in Japan, offers a 
number of unique capabilities for thin film metallization as well 
as for deposition of active semiconductor materials. ICE allows 
average energy per deposited atom to be controlled and involves 
impact kifietics which result in high diffusion energies of 
adatoms on the growth surfacc To a greater degree than in other 
techniques ICB iiwolves qua*$. :C \.ive process parameters which can 
be utilized to strongly c ~1 the characteristics of films 
being deposited. ICB is ea,,&= amendable to process automation 
and offers opportunity to utilize film character-process 
parameter closed-loop control routines. 
In the ICB deposition process, material to be deposited is 
vaporized into a vacdum chamber fromi a confinement crucible at 
high temperature. Crucible nozzle configuration and operating 
temperature are such that emer g i ng vapor under goes 
supercondensation following z.diabatic expansion through the 
nozzle. Atomic aggregatrz clusters, each consisting of roughly 
lo3 atoms, are formed. The clusters can be ionized by impact 
ionization and then acce erated toward the substrate by a high 
potential. It is possible to control average energy per atom 
from a fraction of an electron v o l t  to more than 100eV. Upon 
impact, the clusters break up in a manner which converts 
substantial kinetic energy into surface diffusion energy. A 
number of advantageous phenomena result. 
ICB is being utilized for laboratory deposition of 
semiconductor device metallization, for dielectric films and for 
semiconductor materials. I n  gev-;al, very high quality f i lms  
with remarkable characteristics are achieved. : Z S  is new 
technology for wh;ch apglications development is oniy beginning 
and prospective applications to photovoltaic devices are yet to 
be well defined. One impcrtaat area which can be specified and 
is already being addressed involves use of ICB for deposition of 
the active serniconadctor materials for thin film cells. 
Utilization for metallization systems is another possibility 
which n i g h t  be of near term importance. 
It shoald be recognized that ICB is a modified vacuum 
evaporation process f o r  which economic considerations will be 
similar to  those associated with standard evaporation. 
Conseqaently it is reasonable to assume that films to be der sited 
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by ICB should be a feu mictOnS OK less in thickness and 
probably then must be limited to providing metallization base 
layers and fine grid patterns. Beyond this constraint ICB 
offers technical characteristics and process controls which 
right be very effectively adapted to the needs of advanced 
photovoltaic metallization systems. 
The most important features of ICB relative to deposition 
of metal; films include: 
o Ability to achieve higher quality films onto lower 
temperature substrates 
o Better process control over film characteristics 
o Spatial directionality of deposition 
o Ease of scale up to very high throughput 
Applications if ICB to solve photovoltaic metallization systam 
problems 
0 
0 
0 
0 
0 
0 
0 
0 
might involve: 
Better technical characteristics (structure 
adherence, density, morphology, etc.) 
Lower temperature demands 
Elimination of interface intrusions with low cost 
materials 
Superior long term stability characteristics 
Compatibility with sequential total device 
fabrication involving thin film semi2onductors and 
transparent conductive coatings 
Better compatibility with pattern definition processes 
Improved material use efficiency 
Ease of scale up to very high throughputs and total 
automation 
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DISCUSSION 
SCHRODER: If you depos i t  a compound nonreac t ive ly  I assume you need one 
c r u c i b l e  per  m a t e r i a l .  
KIRKPATRICK: It depends upon t h e  material. I f  you hove a m a t e r i a l  l i k e  
cadmium t e l l u r i d e  where the vapor p re s su res  of t h e  two c o n s t i t u e n t s  are 
similar then you can put cadmium t e l l u r i d e  i n t o  the  c r u c i b l e ;  but i f  you 
want t o  depos i t  something l i k e  gal l ium a raen ide  ycu need a gallium 
c r u c i b l e  and an a r s e n i c  c r u c i b l e .  
CAMPBELL: Have you ever done any of the r e f r a c t o r y  metals, l i k e  t i t an ium o r  
sodium? 
KIRKPATRICK: No. Everyone a sks ;  you have t o  be a b l e  t o  g e t  r easonab le  vapor 
p re s su re  of those  metals. Now, I th ink  maybe t i t an ium you can do, but  a 
l o t  of people a s k  about tungsten and molybdenum; w e  make t h e  ion  sources  
ou t  of t hose  metals. I t ' s  not  o u t  of t h e  ques t ion ,  i t  depends upon work 
t h a t  has  never  been done u t i l i z i n g  o rganometa l l i c s ,  and I t h i n k  some 
work w i l l  be done on t h a t ,  but  I don ' t  know the  answer y e t .  
BACHNER: What's a piece of equipment l i k e  t h a t  c o s t ?  
KIRKPATRICK: About a h a l f  m i l l i o n  d o l l a r s .  
HOGAN: With something l i k e  s i l i c o n ,  how do you do t h e  doping? 
KIRKPATRICK: You b r i n g  i n  phosphine o r  diborane as background gas. 
HOGAN: What happens i f  you go t o  a h ighe r  than a 50% c l u s t e r  i on  p o s i t i o n ?  
KIRKPATRICK: Nothing, I t h ink  you j u s t  end up breakingup some of t h e  c l u s t e r  
and you j u s t  don ' t  ga in  anything,  i t ' s  j u s t  not necessary.  
P G A N :  Would it be poss ib l e  then t o  d i r e c t l y  add a d i r e c t i o n  t o  those 
c l a s t e r s ,  t o  t he  s u b s t r a t e ?  
KIRKPATRICK: Yes, because experiments have been done on t h a t ,  but I t h ink  it 
would be imprac t i ca l  t o  t r y  and do it now, f o r  real  f i lms .  I see t h a t  
as maybe occur r in -  i n  maybe 10 years o r  so t h a t  you could do d i r e c t i o n a l  
beaming. 
f i r s t  came ou t  20 yea r s  ago, everybody s a i d  "Gee, t h i s  is  t h e  way t o  do 
doping, j u s t  where we want it." 
h i t t i n g  the market now. It bas taken 20 y e a r s  f o r  t h e  machine 
technology t o  come along and I t h i n k  t h e  same w i l l  be t r u e  with ICB. 
It 's  kind of l i k e  ion  implan ta t ion ;  when i o n  implan ta t ion  
The f i r s t  machines f o r  t h a t  a r e  j u s t  
SCHWUTTKE: I would l i k e  t o  c o n g r a t u l a t e  you, i f  a l l  t h e s e  t h i n g s  work t h e  
way t h a t  you e x p l a i n  them, i t ' s  a wonderful machine, with a t e r r i f i c  
l i s t  of a l l  t he  good th ings  i t  can do. Would you l i k e  t o  comment on 
what can go wrong? 
KIRKPATRICK: I don ' t  want t o  be too  g l i b ,  I d o n ' t  know what can go wrong. We 
b u i l t  machines, more o r  less ,  t o  t h e  i n s t r u c t i o n s  of t h e  people i n  'apan 
who invented t h e  process  and t h e  f i r s t  s e v e r a l  machines t h a t  we 'v  
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built, the customers were waiting there for them the moment they were 
finished and they checked them out and took them away and we didn't get 
any operating experience ourselves. 
operational, and we now have a laboratory where uta are doing our own 
work. 
invited to come and see this process. 
One week ago our own machine became 
Very soon we will have two machines in there, and people will be 
SCHWUTTKE: What is the reliability of the ion sources, how long can the 
source operate what kind of power do you use, and what kind of crucible 
material are you using? Would you likc t o  comment on that? 
KIRKPATRICK: Sure, can I start with crucible material? Our standard crucible 
now is POCO graphite, semiconductor-grade graphite cleaned up after 
machining by high temperature, storage in chlorine gas; for most 
deposition materials that crucible lasts a long time, and -- 
SCHWUTTKE: What's a long time? A year, a day, an hour? 
KIRKPATRICK: I don't know, nobody's run one long enough to wear it out. If 
you are doing a metal that doesn't wet the graphite you just keep 
putting in new charge; if you deposit silicon from that crucible you 
form silicon carbide on the crucible surfaces and the crucible becomes 
embrittled and after refilling the crucible about three times, you are 
better off to throw it away because eventually it will crack. The ion 
sources are difficult to build. Our first ones have deteriorated after 
runr.;ng €or a few months, and we have to replace many of the components, 
but I think there's just engineering experience needed there. 
SCHWUTTKE: What are the dimensiocs of the ion source? 
KIRKPATRICK: About the size of a tomato-juice can. 
SCHWUTTKE: So you can actually load this thing up, or what? Do you put 
silicon in it? You can put in a kilo of silicon? 
KIRKPATRICK: No, the crucible is smaller. You could build larger crucibles; 
our crucibles have 10 cc charge capacities, so you can put in 10 cc of 
si 1 icon. 
SCHWUTTKE: And then, theoretically, you could run this machine continuously 
for how long? Deposition, I mean. 
KIRKPATRICK: I don't know. Until the crucible runs out. 
SCHWUTTKE: There are there other problems when things are in operation for 
some time. 
continuously. 
I try to find out if it can run two minutes or 3 hours 
KIRKPATRICK: Oh, you can run it two hours continuously, they probably have 
beenrun a week continuously and then needed aaintenance but I think 
productic,, machines will run like production ion implanters. 
SCHWUTTKE: But you have no real data from Japan. 
KIRKPATRICK: Not yet. 
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SCHWUTTKE: We j u s t  assume t h a t  the  machine w i l l  do c e r t a i n  things.  
KIRKPATRICK: Oh, no. The Japanese complain very loudly when a machine 
doesn ' t work. 
COMMENT: What about when i t  does work? They don ' t  complain. 
COMMENT: How long have you been i n  the  f i e l d ?  
KIRKPATRICK: We del ivered the f i r s t  of these machines las t  sumner, so t o t a l  
experience on t h i s  equipment is what, maybe s i g h t  or nine months. 
R. VEST: You mentioned tha t  they have done an epit-; . ial  gall ium arsenide on 
gallium arsenide.  
advantage of your approach? 
Now t h i s  is a l s o  being done by MBE; what's ',he 
KIRKPATRICK: There i s  a l o t  less experience on I C B  than there  is on MBE. I 
can ' t  t e l l  you about r e l a t i v e  mater ia l  qua l i t y ,  but i f  I C B  can achieve 
the same mater ia l  qua l i t y  as MBE, then I C B  has p r a c t i c a l  advantage 
t o t a l l y  over MBE. This is a normal high vacuum process,  and you can 
sca l e  i t  t o  anything you want t o  t a l k  about; MBE i s n ' t  t h a t  way and fo r  
high-throughput production equipment, one of the  th ings  I should have 
menttoned, t h i s  (ICB) is going t o  be l i k e  soph i s t i ca t ed  evaporation o r  
sput te r ing  equipment. It uses the  same kind of vacuum components, the  
same s o r t  of chamber, the  same kind of mechanical handling. 
more power supply, so there  rill be an incremental add i t iona l  cos t ,  but 
i t  is  not anything l i k e  a f ac to r  of 2. 
It needs 
DUTTA: How do you handle pa t te rns?  Do you use shadow masks? 
KIRKPATRICK: So f a r  we have not pat terned anything except by accident  by 
put t ing  things i n t o  the c l u s t e r  stream. You can c e r t a i n l y  do pa t te rn ing  
by shadow mesks, and the pa t t e rns  are extremely sharp,  even when ti-.? 
mask i s  a long way away from the  subs t ra te .  I th ink  you can a l s o  do 
very good pa t te rn ing  with t h i s  technique using photores i s t  and l i f t o f f ,  
because you can deposi t  the f i lm  a t  low s u b s t r a t e  temperature and i t  
w i l l  adhere, and i t  w i l l  be easy t o  do a n ice  clean l i f t o f f  afterward. 
AMICI(: Allen, would you say what the  power consumption used or pulled f o r  a 
small ,  2- or l a rge r ,  source? 
KIRKPATRICK: On the  small one, when you a r e  running s i l i c o n  and you a r e  
running a few hundred Angstroms a minute, thc ion source i s  drawing 
about 1500 t o  2GdO wa ts. On a cu r t a in  source I don ' t  know; I know tha t  
yr.1 would need approximately 3 kW t o  keep a 2-foot-long tube hot ,  and 
I ' m  not sure how much goes t o  hea t ing  the r e se rvo i r .  
M..CK: What about vacuum pumps and the use of associated equipment? What's 
the t o t a l  input power? 
KIRKPATRICK: I'm sor ry ,  I was c,ounting power supplied t o  the source. It 
r ? r t a i n l y  needs the sxne kind of vacuum support equipment you h a w  with 
an evaporator.  It is  v e r y  comparable t o  e l ec t ron  beam evaporatioii i n  
t o t a l  power consumption. 
274 
SCH'VTTKE: May I ask the last qJection, without being facetious, .-'id you get 
any feedback on the films deposited iu Japan on the structure? I mearl, 
do they send you samples or hnything of that nature? 
KIRKPATRICK: They don't send the sample;. I think they are pretty good. The 
first customer is buying a second uachine. 
SCHWUTTKE: This is too good to be true. If you are right, and you really can 
do, and have the control they claim you can achieve, and you go 
basically from amorphous to single-crystal -- T 4aven't seen any samples 
yet. I wonder if you've got some? 
KIMPATRICK: Well, in twc or three months, you are perfectly welcome to come 
aitd get some sam-les from us. 
SCHWUTTKE: I'll have the same problem that I had with Ovshinsky. He has been 
promising me samples for a year. 
LANDEL: Can you adq anything about the uniformity of deposition acro. lie 
deposition area? Particularly, say, with and withor;: the ionizction; 
with the ionization is the wsy you like to run it. 
KIRKPATRICK: The machine that I showed you a photn of is a single-substrate- 
at-a-time machine. It brings things in on a walking-beam transport 
system, and the deposition or?a is a 7 in. diameter circle, and we 
guarantee that the process that you can measure -- thickness, whatever 
-- will be uniform t o  within 23% over a 10-cm square. 
WIG: DG you have any idea of the effLciency of the amorphous silicbn being 
deposited by the Japanese company? 
KIRKPATIiiX: No, and I don't think we are going to find out. 
MRIG: Can this be made into contitiuous process somehow, or is it going to be 
a batch process? 
KIKKFATRICK: This is very easily a continuous process. 
HOGAN: Getting back to definition, did you say the3.r had not been anything 
done with photoresist, that you know of? 
KIRKPATRICK: Nothing pub1 ished. 
HOGAN: Ky only concern would be the higher en rgy and possible polymerization 
of photoresist caused by microheating. 
KIRKPATRICK: You do get microheating, but coming from an ion implanter 
company, I do know thc answer to that. Everyone uses phocoresist as an 
ion implant mask. Your are implanting at 60 to 200 Kev, ysu polymerize 
the surface of Ihe phocoresist but it stili corns off. 
ZWERDLING: Can you p:ovi \., ': ba-kground trdperature heating of the Tub**,rata 
deposition surfdca, * :  *nu need it, or is it advisable? 
KIRKPATRICK: Yes. 
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ZWERDLLNG: Can you deposit amorphous 
KIRKPATRICK: I believe you can depos 
can amorphous silicon. 
ZRERDLING: And with regard to metall 
metals other than amorphous silicon? 
t amorphous metals just as easily as you 
zation would you be able to deposit 
diffusion barrier-macerial followed by the metal for the metallization 
of it? 
KIRKPATRICK: I wasn't here yesterday, so what are diffusion barrier materials 
right now? 
ZWERDLING: Weli, there is a variety of them. 
cOMt4E 2 TitacIm, as an example. 
KIRKFITRICK: I think so, but I don't know. 
ZWERDLING: If you could dez-osit that as well as metal without breaking the 
process. 
KIRKPATRICK: Yes, in the equipment that we presently sell you have a 
carrousel with many crucibles available to you. You can deposit 
multiple-layer films without breaking vacuum. 
source, but you can inject different crucibles with different 
materials. 
You only have one ion 
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WHAT ARE HETXLLO-3RGANIC COMPOUNDS? 
l le ta l lo-orzanic  compounds are ones i n  which a m e t a l  is l i nked  t o  a lony 
chain carbon l igand  through a h e t e r o  atom such as 0, S ,  N, P o r  A s .  Films 
formed bl; t h e  thermal decomposition of  t h e s e  n e t a l l o - o r s a n i c s  are c a l l e d  YOD 
f i l m s .  111 orde r  t h a t  t h e  Droducts of decdmposition con ta in  only CO , H20, 
and i n  rare cases  n i t r o g e n  compounds, and t o  avoid S con ta in ing  p rozuc t s ,  
Purdue’s Turner Labcratory Dioneered t h e  use of a set  of metal lo-orpanic  
compounds f o r  ink f a b r i c a t i o n  where t h e  l i n k i n ?  h e t e r o  atom was oxygen. 
These inks  were made from commercially a v a i l a b l e  ca rboxy la t e s ,  o r  syn thes i zed  
from commonly a v a i l a b l e  r eazen t s .  The processing is descr ibed on pape 3, 
and the  molecular des i zn  c r i t e r a  on vao,e 4.  The p a r t i c u l a r  ca rboxv la i e s  o r  
amine ca rboxy la t e s  s e l e c t e d  were t h e  o c t o a t e s  o r  neodecanoates,  and they are 
descr ibed on page 5 with examples ,qiven on pages 6 ,  7 ,  and 3. Cirrrently,  
metallo-organic comDounds have been s e l e c t e d  f o r  25 elements as l i s t e d  on 
page 9 .  
WHAT AXE THE ADI’ANTAGES OF MOD FILIIS? 
Both t h e  advantazes  and t h e  problems involved with MOD f i l m s  are  l i s t e d  
on page 11. The ch ie f  advantaye f o r  m e t a l l i z i n g  pho tovo l t a i c  systems i s  t h e  
low f i r i n g  temperatures;  f o r  example, s i l v e r  f i l m s  have been f i r e d  on s i l i c o n  
wafers a t  temperatures as low as 25OoC. 
tiOD PROCESSING AND PROPERTIES 
The f i r s t  s t e p  i n  formulat inp sny ink was t o  assay t h e  p recu r so r  materi- 
a l s  and thermogravimetric a n a l y s i s  (TGA) r e s u l t s  are given on Dage 15. Low 
€ i r i n g  s i l v e t  f i l m s  are more imDortant i n  m e t a l l i z i n g  pho tovo l t a i c  systems 
but more work was done on gold and copper f i l m s ,  and they w i l l  be d i scussed  
f i r s t .  A very dense so ld  conductor f i l m  of nea r  t h e o r e t i c a l  s h e e t  resisti- 
v i t y  was develoned f o r  f i r i n g  on alumina s u b s t r a t e s .  The HOD gold f i l m s  had 
adhesion and u l t r a s o n i c  wire bondinp wrovert ies  t h a t  were b e t t e r  than con- 
ven t iona l  t h i c k  f i l m  :old. The orocessing of t h e  ?.‘OD p,old f i l m s  is desc r ib -  
ed on ?age 16. 
Adhesion is measured i n  terms of t h e  f o r c e  r equ i r ed  f o r  detachment of 
two adherinp, phases. Sena ra t ion  may t a k e  Dlace a t  t h e  i n t e r f a c e ,  o r  w i t h i n  
t h e  i n t e r f a c i a l  reZion, o r  i n  t h e  bulk of t he  weaker nhase. D i f f e r e n t  
measurement techniques r e f l e c t  d i f f e r e n t  f i a l u r e  mechanisms and are, the re -  
f o r e ,  not d i r e c t l y  comparable. For t h i s  s tudy ,  t h e  adhesion was measured by 
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a p u l l  test performed i n  a similiar manner t o  t h e  procedure developed by 
C. Kuo a t  CTS, by s o l d e r i n g  n a i l  head n i c k e l  wires t o  test  pads on t h e  sub- 
strates. The p re t inned  n a i l  head wires were clamped pe rpend icu la r  t o  t h e  
s u b s t r a t e s  and hand s o l d e r e d  with Indium Corp. of  America f l u x  IC1 and 
70Sn/18Pb/12In s o l d e r .  The gold pads were n o t  burnished o r  p r e t r e a t e d  be- 
f o r e  so lde r ing .  An I n s t r o n  T e n s i l  Tester w a s  used f o r  t h e  p u l l  test ,  and 
t h e  adhesion expressed i n  kg. The adhesion w a s  conisdered t o  b e  e x c e l l e n t  
i f  t h e  p u l l  s t r e n g t h  was 9 .5  kg o r  above. A f t e r  t h e  p u l l  test was completed, 
t h e  pads were inspec ted  f o r  t h e  f a i l u r e  mechanism. Each of t h e  t e n s i l e  test 
r e s u l t s  were c l a s s i f i e d  i n t o  t h e  f a i l u r e  modes desc r ibed  on page 17 .  
The i n i t i a l  tests with gold MOD f i l m s  showed very low adhesion, and on 
examining t h e  f r a c t u r e ,  i t  w a s  determined t h a t  t h e  s o l d e r  had completely 
allDyed with t h e  gold f i l m s .  These r e s u l t s  were no t  i n d i c a t i v e  of t h e  ad- 
hes ion  between t h e  gold HOD f i l m s  and alumina, b u t  r a t h e r  t h e  adhesion be- 
tween a Sn-Pb-In-Au a l l o y  and alumina. 
a d i f f u s i o n  b a r r i e r  l a y e r  o f  N i  o r  P t  w a s  i n s e r t e d  between t h e  gold and t h e  
s o l d e r .  Metal f i l m s  of platinum o r  n i c k e l ,  approximately 5000 angstroms 
t h i c k ,  were s p u t t e r e d  on to  t h e  adhesion test pads through metal masks. Be- 
f o r e  s p u t t e r i n g ,  t he  f i l m s  were cleaned u l t r a s o n i c a l l y  i n  acetone,  methanol, 
and D I  water. The coa ted  conductor  p a t t e r n s  w e r e  f l uxed  w i t h  Kester 15-44 
s o l d e r  f l u x  and dipped f o r  t h r e e  seconds i n  a 60SnI40Pb s o l d e r  pot a t  20OoC. 
Except f o r  a d i f f e r e n t  s o l d e r  composition and f l u x ,  t h e  p rev ious ly  desc r ibed  
procedure f o r  n a i l  head p in  at tachment  w a s  used. Both small p i n s  (diameter  
0.05 cm) des igna ted  S and l a r g e  p i n s  (diameter  0.09 cm) des igna ted  L, each 
having a head diameter  of  0.127 cm, were used because s e v e r a l  of  t h e  i n i t i a l  
f a i l u r e  modes involved b reak ing  t h e  p ins .  A summary of t h e  adhesion d a t a  
f o r  t h e  MOD f i l m s  i s  presented on page 18 along wi th  d a t a  f o r  Engelhard's 
convent ional  mixed bonded gold i n k  A-3770 and t h e i r  MOD (mercapt ide chemis- 
t r y )  ink A-3725 f o r  comparison. 
I n  o r d e r  t o  circumvent t h i s  problem, 
Wire bonding d a t a  f o r  t h e  NOD gold f i l m s  were ob ta ined  us ing  a Kulicke 
and Soffa  Ul t r a son ic  Wedge Bonder. The s e m i c i r c u l a r  l oop  geometry f o r  
a t t a c h i n g  A 1  wires t o  t h e  gold f i l m  is shown on page 19. Twenty f i v e  bonds 
were made on each sample.  The tes t  involved p u t t i n g  a small  hook through 
t h e  loop and p u l l i n g  t h e  w i re  t o  f a i l u r e ;  the load  and f a i l u r e  mode were 
then recorded. From a s i d e  view of t h e  wire loop,  t h e  banded ends look l i k e  
f ee t ;  thus the  f a i l u r e  modes were desc r ibed  as a "heel break" o r  a "foot 
l i f t " .  For a f o o t  l i f t ,  t h e  f a i l u r e  occurs  by t h e  aluminum wire l i f t i n g  o f f  
of t he  gold conductor,  and i t  may o r  may not b r i n g  t h e  conductor with i t .  
A h e e l  break refers t o  a f a i l u r e  mode i n  which t h e  aluminum wire breaks 
ad jacen t  t o  t h e  bonding area where i t s  diameter  was reduced du r ing  t h e  
bonding ope ra t ion .  In  g e n e r a l ,  a h e e l  break i s  t h e  d e s i r a b l e  f a i l u r e  mode 
because i t  i n d i c a t e s  t h a t  t h e  aluminum wi re  t o  gold conductor bond was 
s t r o n g e r  than the  aluminum w i r e  a f t e r  bonding. However, both t h e  mean p u l l  
s t r e n g t h  and the f a i l u r e  mode are  func t ions  of  t he  machine parameters and 
the  bonded wire geometry. The wire bond r e s u l t s  f o r  25 tes ts  on each of t h e  
MOD gold f i l m s  along with t h e  r e s u l t s  with convent ional  t h i n  and t h i c k  f i l m s  
are presented on pase 21. A summary of t he  e f f e c t s  of  a d d i t i o n s  t o  gold i n  
t h e  f i l m s  is  given on page 21 ,  and a summary of t h e  Au f i l m  p r o p e r t i e s  i s  
given on page 22. 
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A s c r e e n  p r i n t a b l e  copper ink,  developed from an aqueous s o l u t i o n  of 
copper n i t r a t e  t r i h y d r a t e ,  produced s o l d e r a b l e  Cu f i l m s  wi th  good electrical  
conduc t iv i ty  and adhesion on POS s u b s t r a t e s .  
page 23 and t h e  processing on page 24, pnd t h e  Cu f i l m  p r o p e r t i e s  are  
summarized on page 25. 
The chemistry is l i s t e d  on 
S i l v e r  i n k s  t h a t  could be s c r e e n  p r i n t e d  o r  i n k  j e t  p r i n t e d  were fo r -  
mulated, and dense Ag f i l m s  with good coirductivity and good adhesion were 
obtained when they were f i r e d  on several s u b s t r a t e s .  The procedure f o r  
making s i lver  neodecanoate is given on page 26, and t h e  processing of s c r e e n  
p r i n t a b l e  and ink  j e t  p r i n t a b l e  i n k s  are  given on page 27. S u b s t i t u t i o n  of  
w t e r p i n e o l  f o r  xylene w a s  necessa ry  Yor t h e  sc reen  p r i n t a b l e  ink  because of  
t he  high vapor p r e s s u r e  of xylene.  A summary of t h e  Ag f i l m  p r o p e r t i e s  i s  
given on page 28. 
s o l d e r  l each  r e s i s t a n c e  f o r  convent ional  t h i c k  f i l m s ,  b u t  t h e  MOD f i l m s  are 
SG t h i n  t h a t  4 w/o P t  was r equ i r ed .  
It should be  pointed o u t  t h a t  1 w/o P t  i s  adequate  for 
WHERE ARE WE? 
The metallo-grganic i n k s  t h a t  hawe been formulated du r ing  t h e  l a s t  
t h r e e  yea r s  i n  the  Turner Laboratory a t  Purdue Un ive r s i ty  a long  w i t h  t h e  
p r o p e r t i e s  of t h e  f i r e d  !!OD f i lms  are summarized on pages 30 and 31. A 
g r e a t  d e a l  of a d d i t i o n a l  work must be done i n  t h e  area, and w e  have on ly  
sc ra t ched  t h e  s u r f a c e  of what might be  accomplished with low f i r i n g  
temperature m e t a l l i z a t i o n .  
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1, WHAT ARE METALLO-ORGANIC COMPOUNDS? 
2. WHAT ARE THEIR ADVANTAGES? 
3. I O D  PROCESSING A t 0  PROPERTIES 
4. WHERE ARE WE? 
Page 3. MOD Film Processing 
CCbWON SOLVENT 
+ 
RHEOLOGY AD JUSTORS 
I t  
PRINT, SPRAY, DIP. ETC 
[RAW] 
+ 
HEAT 
(CONDUCTOR] 
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Page 4. Molecular Design Criterion 
1 .  As the choln length 01 the orgonlc rodlcal increases: 
a )  the solubility of the c m u n d  i n  organlc solvents 
b)  the metal .,went o! the conpound decreases. 
Increases; 
2. The solublllty of  the conpound Increases I f  the organic 
radical is branched. 
Page 5. 
NolwAL OCTOATE 
O H H H H H H H  
I I 1 I I 1 I I 
- 0 - C - C - C - C - C - C - C - C - H  
A i A A h i A  
BRANCHED OCTOATE 
2-ethyl hexoote 
0 C2H5 
- 0 - C - C - H  
I 
c4Hg 
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ORIGINAL PAGE 13 
OF POOR  QUAL^^ 
Page 6 Structural Formula for Copper 2-Ethylhexoate 
C2H5 C2H5 9 
I 
H - C - C - 0 - CU - 0 - C - C - H 
I I 
C4H9 C4H9 
Page 7. Structural Formula for Silver Neodecanoate 
O R3 
A9 - 0 - C - C - % 
I 
The nunber of carbon atoms i n  R1 + R2 + R3 - 8 
Page 8. Structural Formula for Gold Amine 2-Ethylhexoate 
I 
N- 
\ I  
/ I  
I 
I 
/ 
\ 
AU - 
i \ i  1 
C - C - CqHg I 
II I I 
I 
I 
I C2H5 1 
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Page 9. Turner Laboratory Compounds 
2 -ETHY LHEXOATES 
B1, Cd, to. Cr, Cu, Go. In, Ir, NI, Pb, Rh, Ru, Si, Sn. Y,  Zn, Zr 
M I N E  2-ETHYI HEX04TES 
Au, Pt 
NEODECANOATES 
Ag, Ba 
B Pyrldlne 
Pd Acetote 
Sb Eu,toxlde 
T i  2-Ettivlhexoxide 
Page 10. 
1, WHAT ARE HETALLO-ORGAN I C COMPOUNDS? 
2. WHAT ARE THEIR ADVANTAGES? 
3. MOD PROCESSING AND PROPERTIES 
4, WHERE ARE WE? 
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Page 11. 
ADVANTAGES F A B W T I O N  PROBl FMS 
EL I N  INATE VARIATIONS 
I N  INGREDIENT MTERIALS 
ELI MINATE VARIATIONS 
DUE TO BLENDING 
VARIETY OF PRINTING 
TECHNIQUES POSSIBLE 
LOWER FIRING 
TEMPERATURE 
IMPROVED WIRE BONDING 
REDUCED LASER TRIM 
EFFECTS 
P I N  HOLE FREE 
FORMULATION 
INK 
FlLN 
CORONENTS 
PROPERT I& 
CONDUCTORS 
RES I STORS 
DIELECTRICS 
L 1 MI TED INFORMATION 
AVAILABLE ON PURE 
COMPOUNDS 
LOW I NORGAN IC 
CONTENT 
NORE DIFFICULT OT 
CONTROL VISCOSITY 
LARGE VOLUNE OF 
VOLAT I LES 
HIGHER SHEET RES I STANCE 
RESISTANCE RANGE MY 
BE LIMITED 
D I ELECTR I C  CONSTANT 
VALUES RAY BE LIMITED 
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1. WHAT ARE METALLO-ORGAN I C  COMPOUNDS? 
2 .  WHAT ARE THEIR ADVANTAGES? 
3 .  HOD PROCESSING AND PROPERTIES 
4.  WHERE ARE WE? 
TO DEVEL~IL I t ,  " IFILK GOLD CONDUCTORS 
TO I f K R E A S i  THT R E L I A B I L I T Y  OF ULTRA- 
SONIC ALUMINUM WIPE BONDS. 
A P P L I  CA ''ON 
-- 
NEXT GENERATION OF HYBRID MAYUFACTURING 
TECHNOLOGY. 
?age 13. 
PROBLEI? 
TO DEVELOP THICK F I L M  GOLD CONDUCTORS 
TO INCREASE TPE R E L I A B I L I T Y  OF ULTRA- 
SON I C  ALUM I HUM W I RE BONDS. 
APPLICATION 
NEXT SENERATION OF HYBRID MANUFACTURING 
TECHNOLOGY. 

ORIGINAL PAGE i& 
OF POOR QUALITY 
Page 15. TGA Results 
Saturated solut ions heoted i n  a i *  lit ;0”C:’afr6. 
Comoound 
~ 
Ag neodecanoate 
Au amlne 2-ethylhexoate 
P t  am I ne 2-e thy 1 hexoa t e  
B l  2-ethylhexoate 
Cu 2-ethylhexoate 
Rh 2-ethylhexoate 
Pd acetcte tr imer 
1 d l 0  P , . : G K t  - i!KQ!lkL-- -- - --- . - _- - 
250 15 kg 
600 13 A u  
400 18 P t  
350 16 Biz03 
300 4 CUO 
225 8Rh 
225 3 PdO 
Page 1 6. Processing Gold Films 
1. ASSAY MOD PRECURSORS 
2. M I X  MOD COMPOUNDS +3 w/o PENZOIL‘: MINERAL JELLY # 2 0  
3 .  PLACE SOLUTlON I N  AN OPEN BEAMP.  AT M°C UNDER A VACUUM 
OF 67 Pa FOR 24 HOlJRS 
4. SCREEN PRINT WITH AREflCO 3100 ON 3M’S AlSlMag 838 SUBSTRATES. 
325 MESH S.S. SCREEN 
5. RATCH FIRE THE SAIqPLES 
feauence 1: 10 minutes each a t  the f9l lowlng t m e r a t u r e s :  
Seauence 2: sane as above except reducing the second tem- 
Seauence 3: 
120, 350, 500, 850’C 
Derature to  300°C and f i r i n g  for 20 minutes 
IR drYlna + 85OoC/10 airlutes 
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dIGlNAL PAGE iS 
OF POOR QUALIW 
Page 17. Adhesion Failure Modes 
A. Sewration of the wd fraa the substrate 
B. Sewratlon wlthln the solder fillet 
C. Seoamtlon betwen the wire md the solder flllet 
D. Fracture of the substrate 
E. Pin breoks 
Page 18. Summary of Adhesion Data 
Colwsltlon (WO)' &rrler Pin Lwd (kg) failure node 
B I  Cu W L O W  SlZe S.D. A B C D E 
1.5 - 1.5 
1.0 - 1.5 
0.5 - 1.5 
0.25 - - 
1.5 
1.5 0.1 1.5 
1.0 0.1 1.5 
- -  
0.25 1.0 - 
Pt 
Pt 
111 
Pt 
Pt 
nt 
Mi 
Nl 
MI 
N1 
N1 
Pt 
5 9.1 0.6 1 - - - 4 
L 8.1 2.3 10 8 1 - - 
L 8.8 1.8 1 1 - - - 
S 7.0 1.1 9 1 - - - 
L 7.2 2.8 10 - - - - 
L lo.? 1.9 5 - - 3 - 
s 7.b 1.0 3 3 - - - 
L 8.7 1.0 1 2 - - - 
S 3.1 1.5 6 - - - - 
L 9.5 1.2 3 7 - 2 - 
L 7.6 1.8 3 5 3 12 2 
s 7.3 1.2 9 1 - 3 - 
A-3770 
A-3770 
A-3725 
W l  L 5.9 1.8 12 - - 1 - 
IKw\e L 5.9 1.5 10 - - 3 - 
N l  L 4.2 1,2 11 - - - - 
'Inks also mtalned 0.1 w/o w1, balance Au. 
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ORlGINN. PAGE 19 
OF POOR QUALITY 
Page 19. Ultrasonic Wedge Bonder 
MIDEL 484 
KULICKE + SOFFA 
S/N 1904 
FOOT TO FOOT 
LINEAR DISTANCE - ,125 2 ,001 an 
BONDED WIRE HEIGHT C ,035 an 
AI WIRE (1 n/o nS) 2 5 p  THICK 
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Page 20. Aluminum Wire Bond-Test Results 
Flrlng No. of w/o El. Pull Strength (g) Fallure nw)e 
SeQlence L m r s  kal S.D. H.B. F.L. 
12 2 0.5 5.24 1.89 3 22 
n 2 1.0 S.24 1.79 9 16 
12 2 1.5 6.26 1.27 1 24 
rz 2 2.5 6.78 1.03 19 6 
Ir2 3 0.5 7.16 1.45 8 17 
12 3 1.0 9.58 1.20 20 5 
R 3 1.5 9.16 2.23 8 17 
12 3 2.5 8.28 1.15 25 - 
lclr 3 1.5 7.28 1.07 25 - 
8.04 1.23 25 - 
x4 3 1.5 8.32 0.95 22 3 
Cornrent loml thln f 11m 11.18 1.03 25 - 
Convent Ion01 thlck f Iln 7.9 1.3 24 1 
Page 21. Additions to MOD Gold Films on Alumina Substrates 
wr 
Lu 
pt 
or 
p4 
M 
AT LEAST 0.1 w/o Rh IS NEtDED FOE FILt! FORJMTlO!l. 
ADDITIONS OF 1.0 w/o Cu DOUBLE THE os WITH MO 
SIGNIFICANT EFFECT ON ADHESION WHILE ADDITION 
OF 0.1 w/o IRPROVED ADHESION AND AI WIRE BONDIN 
PROPERTIES WITHOUT DRASTIC EFFECTS On Os. 
EITHER Pd OR Pt IRPROVES ROOn TEISPERATURE WIRE 
BONDING AND ADHESION PROPERTIES WITHOUT SIGNI- 
FICANTLY CHANGING THE Os. SINCE W OR Pt ALS9 
InPROVE THE SOLDER LEACH RESISTANCE OF Au F I L S  
4 . 5  w/o WAS ADDED. 
BISHUTH INCREASES ADHESION AND WIRE BOWDING 
PROPERTIES AND THE OPffMKI RAY BE 1.5 w/o B i .  
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Page 22. Au Film Properties 
1. Ror mterlols ore Dure generlc mterlols - micx 
con fabrlcote fllw from the fomlos. 
2. Fi lms con be crnmntlmllv wocessed. 
3. Films hove better odhwlon ond wlre bondlno Dropertles 
than corPrclol thlck flla. 
4. The film resistlvlties OOOICQC~ that exoected for Dure gold. 
5. The alcrostructure shars that the fllrs ore ven derw 
ond thlckness aeosurerrnts shar that the fllrs ore 
O.S/rlloYtr. 
Page 23. Chemistry of the Copper Ink 
h. --- - -- COMPOUND 
Cu nttrote trlhvdrote 67.4 
water 28.8 
m h v l  cellulose 
~#)oo CP graie) 
2.2 
boron oxlae 0.9 
Ross Ulaa's Foan Burst 370 0.7 
29 1 
Page 24. Processing Copper Films 
1. The ws odded to the m e r .  The e t h y l  cellulose 
yos then added. and several hours were necessary fo r  i t  
t o  dissolve. Next the Cu n l t r a t e  MIS added, OM af ter  I t  
dlssolved the FOCR Burst rms added. The Ink was allowed t o  
stand for  one dw. 
2. The ink yos screen Drlnted through a 165 mesh S.S. screen 
on POS substrates. 
3. TIM! best flrlng seauence wos t o  a l r  dry a t  SO OW^ hour + 
a l r  dry a t  2300uzO mlnutes + f i r e  In a 4% 9196% $ 
aaosPhere a t  650%20 mlrmtes. The sanoles were cooled 
t o  ~OOOC before they were rema from tte 91% otmowttere. 
. 
Page 25. Cu Film hoperties 
1. A one lover f i l m  (8m th ick) fire2 on XS gave 
14 mn/sW/25 p ,  onother two lover film (9.9 jr~ 
thlck) f i r ed  on POS gave 19 mn/sci/25 p. 
2. For room teinuerature aging. the sheet resistance 
increased by 00.5% i n  the f l r s t  few hours, re- 
mined constant f o r  t lnes to 400 iaurs, increased 
t o  5% af ter  lo00 hours, then r w l n e d  constont 
to 2000 hours. 
3. Sanoles were dip soldered with 63% Sn - 37% pb at 
250'~ - fi lms were c m l e t e i v  tinned. 
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Page 26. Synthesizing Silver Neodecanoate 
CgHlg COOH IiHqOH 3 CgHlg COONH4 + H2C 
1. The acid was added to base and stirred, a clear solution 
resulted, 
2. The A M I 3  olus sane H20 nos added ond stlrred and a white 
cloudy Dot resulted. 
3. xylene was added ( 25 cc for 10 9 ac id )  and 2 imislble liauids 
Liauid 1 is $H19 COOAg in xylene 
Liauid 2 is w H , q  too) 
were formed. 
4. The liauids were Poured Into a stowred funnel and the 
bottm liwld WIS removed. This aOre llQuid WS the 
NHqy (oa) solution. 
5. The too solution wos filtered md additional xylene was 
removed by bubbling air through the solution until a 
saturated solution nos obtained. 
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Page 27. Processing Silver Films 
1. After addlngdterolneol  to o mlxture o f  saturated xylene 
solutions o f  both As neodecanwte and P t  mine 2-ethyl- 
hexwte the solvents were exchanged. 
2. Ethyl cellulose In d- terolneol rms added t o  odjust the 
rheology for  screen Prlntlng. 
3. The Ink MIS screen wlnted through a 325 mesh screen on 
vorlous substrates. 
4. The Ink rms dried a t  lMoVIO mlnutes then flred a t  
150+350% f o r  va r lws  tlmes. 
INK JET PRINTING 
1. Soturated xylene solutions of  As neodecomte ond 
P t  mlne 2-e th~ ;kxwte  uere d i rect ly  Prlntable. 
2. The alunlno substrates were Preheated to 3OoC 
and m s t  of the xylene rms removed durfng the 
Drlntlng. 
3. The substrotes were heated to 2100VlO mlnutes 
then fired at  250~~/10 minutes. 
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Page 28. Ag Film Properties 
1. Silver films have been successfully Prlnted and flred on 
alunino, POS, ITO, glass ond Si at tenuerotures os Ion 
as 2 5 0 ~ ~ .  
2. These films wss the "Scotch Tope" test for adheslon. 
1. Films have been successfully flred on alunlm substrates 
at  2 ~ 0 ~ ~ 1 0  minutes. 
2, Lines have been Printed as narrow as 7 mils on A l S l f b g  838 
through 0 3 mil orfice on the Ink jet prlnter. 
3. A film with ccmosltion 4 w/o Pt/96 w/o Ag remained after 
30 seconds in 63 Sn - 37 Pb solder but If the Pt nas re- 
duced to 2 w/o solder leaching was observed. 
4. Sheet resistance values as low os 0 . 0 6 N s q  have been 
obto ined. 
Page 29. 
1. WHAT ARE METALLO-ORGANIC COMPOUNDS? 
2.  NHAT ARE THEIR ADVANTAGES? 
3.  NOD PROCESSING AND PROPERTIES 
--f 4. WHERE ARE WE? 
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Page 30. Where Are We 
AI! 
A MOO w1d Ink contalnlng Rh, Bi, Cu, and P t  o r  Frc ilas m n  
develoPed fo r  screen Drlntlng on olunino substrates and pro- 
duces a very dense f l l m  nith near thearetlcol sheet re- 
sistance. The HIID gold f i lms  hod adhesion ond ultrasonic 
aluninun wire bonding Drowr t ies  that  nere better than con- 
ventlonal th ick f i l m  golds. 
cu 
A screen or intoble CODOer ink wos develoDed from an aQueous 
solut ion of cower n l t r o t e  trihydrate, boron oxlde and 
methyl cel lulose thot Droduced solderable Cu f l lms  n l t h  
good conductlvl ty and good adhesion when f i r e d  i n  a re- 
duclng atmosohere on WS substrates. 
Page 31. Ag 
1. Si lver Inks that could be screen pr inted were formulated 
from Ag neodecanoate, P t  amine 2-eth~lhexoote, ethyl 
cel lulose and d-terpineol .  
2. Si lver inks that could be ink j e t  pr inted were formulated 
from 0 xylene solut ion o f  Ag neodecanoote and P t  amine 
2-eth~ihexoate. 
3 .  The MOD inks were f i r e d  i n  a i r  as low os 2M°C to  Produce 
a Ag f i l m .  
4. Adhesion was good on a l l  substrates investigated - alumina, 
POL ITO, glass, s l l i con .  
5, Fired f i lms containing 4 w/o Pt/96 w/o Ag were solderable. 
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DISCUSSION 
WNG: You mentioned, I am referring tb silver, about 250% becomes a safe 
temperat. e. Is this the E A  data? 
G. VEST: Right. Fired at IOo per minute. 
WOW: OK, so IOo per minute is the heating range. What is the equilibrium 
de po s i t i a! temperature ? 
G. VEST: We really haven't done that much with silver, but I do know that we 
fired, in air, just putting it in the furnace for 10 minutes at 220° 
and we got a silver film. 
WONG: OK. Again, what is the sheet resistivity at that temperature - 60 
milliohm per square? 
G. VEST: No, that was on the silicon; we just printed it very quickly on the 
silicon. 
measuring it with a ruler, so it's about 60 milliohms per square, but 
that was very, very thin, it may.be 1000 to 1500 Angstroms; again, I was 
measuring it with a ruler, so I hate giving very accurate sheet 
resistivities. 
I didn't know how to caiculate how many squares and I was 
WONG: You think it is possible to go even lower than 220OC? 
G. VEST: I don't know, we haven't tried. 
WONG: Are you going to try? 
G. VEST: Yes. My students say they were trying 210°C, but that's today. 
NICOLET: I am very curious to know what scientific logic or inspiring 
intuition led you to pick rhodium to create a uniform thin foil rather 
than osmium or molybdenum or whatever. 
G. VEST: Ue really haven't tried to optimize and look at same of those. 
like bismuth for chemical bonding, we wanted something that worked that 
had a small amount of foreign material in there. A lot of the 
literature had rhodium; we just picked it. 
tried. 
Just 
It's the only one we've 
SOMBERG: Would you care to coarnent about the adhesion properties of silicon 
relative to what we know about thick-film materials, since there is no 
frit to bond the silver to the silicon? Would you expect anything 
different from that system? 
G. VEST: With the silver, I don't know why, but it seems to bond to whatever 
we've tried without adding either any form of glass frit or 
metallo-organic t o  make an equivalent of a glass, or putting any 
chemical binders in there. 
I'm juet not that familiar with it. 
with silicon, as such. 
It's great, brit I don't really know why, and 
This is the first we've ever worked 
I did not clean the wafer; we are going to try 
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that when I get back. There were Honsanto wafers in a nice little 
supposedly clean container. 
the Physics Department or the E.E. Department; we just did this on 
Tuesday, just to see if we could get it to adhere, so it's probably 
dirty silicon. 
We borrowed one, I guess we got one from 
We haven't done any work with silicon. 
TAYLOR: Were these Monsanto wafers epitaxial wafers with a smooth surface? 
G. VEST: Yes. I have one, if you would like to see it. 
GALLAGHER: Have you ever mixed any of these precursors with a standard 
thick-film ink and blended it to see, for example, in the problem we 
have with Spectrolab, that you would get adhesions to the substrate? 
Yes, as you'll remember, Bob (R. Vest) was talking this morning G. VEST: 
about making the platinum ink. 
couldn't call it particles, I suppose there was a platinum, a coenercial 
resinate in there. 
The lowest particles - well, you 
GALLAGHER: I meant silver, excuse me. 
G. VEST: No, no, we've never had any funding on si!*?er. 
we've ever done anything is just that with the ink jet, it was cheaper 
than gold. 
The only reason why 
STEIN: Silver metallo-organics are often used in silver thick-film systems 
along with particles. 
GALLAGHER: That's a standard technique? 
STEIN: Yes. 
GALLAGHER: We never knew they were there. 
STEIN: Sorry? 
GALLAGHER: We never knew they were there, they were just there. 
STEIN: Yes. I don't know who you were talking to, but they are there. 
G. VEST: We have played arouqd a little bit. I shouldn't say we've done 
nothing, because we did do a silver film for an industrial application, 
though we did wind up having some silver metallo-organic in there. 
WOLF: I notice that your prints were rather thin but close to bulk 
conductivity, and your copper prints were rather thick but in an order 
of magnitude away from bulk conductivity. Was it very spongy or what, 
have you noticed anything about those copper films? 
G. VEST: N o ,  we really haven't looked at them. The copper-film work was just 
done to test feasibility with using those solution inks to see if we 
could make a film. We didn't proceed with that any further. 
PROVANCE: One of the severe limitations of the Midfilm process is that it puts 
the film down too thin to withstand the leaching effects of the solder. 
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I'm wondering i f  you have done any tests with the  s i l v e r ,  o r  any other  
meta l l iza t ion  t o  see what the solder  leak res i s tance  might be of these 
fi lms. 
R. VEST: We r e a l l y  haven't  done t h a t  much work with the  s i l v e r .  
PROVANCE: That might be one of the areas  fo r  f r u i t f u l  fu r the r  research,  
because the process is very i n t e r e s t i n g ,  but i n  ac tua l  appl ica t ion  i n  
the f i e l d  t h a t  is one of the very important cri teria.  
once you go below t h a t  mininum thickness on any of these pr in ted  f i l m s  
you begin t o  lo se  both adhesion, because of the leaching e f f e c t s  of the 
solder ,  and the  so lder  leaching system res i s tance .  In  o ther  words, the 
iih becomes p a r t  of the solder .  
We found t h a t  
G .  VEST: We did  s t i c k  the  s i l v e r  f i lm down i n t n  some solder  fo r  30 seconds 
Again, and they stayed there ,  but t h a t  was j u s t  a quick, d i r t y  test. 
had w e  had funding i n  s i l v e r  -- maybe w e  w i l l  ge t  t ha t .  
LANDEL: How much of the metallo-organic can you ge t  i n t o  your system? 
G .  VEST: With the ink jet  p r i n t e r ,  t h a t  is  a drop on demand, and again i t  
w i l l  be computer-controlled. 
l i k e  t o  have them. 
You could make them as th ick  as you would 
LANDEL: That 's  mul t ip le  coating. How much s i l v e r  can you get  i n  the  o r ig ina l  
ink i t s e l f ?  
G . VEST: We have about 15%, but w i t h  the  ink j e t  p r in t ina ,  which probably w i l l  
be the grea t  appl ica t ion  €or the  s i l v e r ,  we mix up 15 weight percent 
s i l v e r  i n  the  xylene solut ion.  
the drop has a r r ived  a t  the  subs t r a t e ,  the bulk of the xylene i s  gone, 
so we w i l l  have, very sho r t ly  the rea f t e r ,  s i l v e r  neodecanoate. 
what weight percent s i l v e r  i s  i n  that .  
We preheat the  subs t ra te ;  by the  time 
I forget  
LANDEL: But why i s n ' t  i t  5 % ,  why i s  i t  18x1 Why don't  you have more in  there? 
G. VEST: We have t o  ge t  the s i l v e r  neodecanoate soluble  i n  xylene. 
LANDEL: Have you t r i e d  another solvent?  
G. VEST: No, we haven't.  
LANDEL: Because the decanoate wovld be r e l a t i v e l y  inso luble  i n  the  
xylene, and s t r a i g h t  chain hydrocarbon would be a much b e t t e r  solvent.  
I th!nk the re  a r e  some things t h a t  I would be happy t o  discuss  with you 
i n  terms of ca l cu la t ing  loading e f f ec t s .  It should be possible  to make 
b e t t e r  than f i r s t -o rde r  ca lcu la t ions  a s  t o  what i s  a good solvent  f o r  a 
given metallo-organic system. 
G. VEST: I w i l l  say t h a t  the reason why we use s i l v e r  neodecanoate i n  xylene 
is  t h a t  is what GTE sold,  and we r e a l l y  d idn ' t  w a n t  t o  s ta r t  
synthesizing th i s .  We purchae3d i t  t h a t  way, 
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LANDEL: I have some papere from JPL, on other subjects, that would be very 
So you ought to be able to increase useful in optimizing the system. 
your concentration of the metallo-organics by quite a bit. 
G. VEST: That *ould be very interesting. 
SOMBERG: What are your intentions as far as further work with this is 
concerned? You mention you didn't have any funding. Maybe Brian 
Gallagher is the person to talk to here, but it seems very promising. 
G. VEST: If we get money, we would be delighted to do whatever we are asked, 
It does seem promising, it just doesn't have to study any application. 
much data. 
WONG: I'm thinking of the other side of your technique. Regardless 
solubility, what is the practical limit for you to lay down a * 
with your technique? What is the thinnest film you can deposiL 
thin film? 
Film 
'form 
G. VEST: We have always been worrying about how thick we can make, how thin, I 
We can get the solubility in xylene; you 
I have never gone 
really don't know right now. 
can add quite a bit of xylene. 
that way. At least, you would have to have a few molecules of silver 
neodecanoate to decompose, and again as they decompose they fire off the 
silver an atom at a time. I don't really know what the limit is for 
making the thinnest film. That would be interesting to work on. 
I really don't know. 
WOW: Do you really need 4% of platinum to get decent solderability -- 
G. VEST: We tried two and that didn't quite work, so we tried four. We have 
made two quick attempts. 
We haven't put anything in it. 
We are just playing around with the silver. 
STEIN: First, I'll make a cOmment about the question on solderability. You 
don't need any platinum for solderability, you need it for solder-leach 
resistance. You can solder to pure silver very readily, too readily. 
The other question that Wong asked about thin film: you can drop the 
thickness of these film8 in an almost infinitely continuous fashion. 
You can see it go through quarter wave length of light; you can get 
iqterference patterns; you can go down to discontinuous films. It is 
completely controllable. 
WONG: In other words, you can make transparent, mechanical films. 
STEIN: If you sandwich them, yes, but not by themselves. If you sandwich 
silver film of this sort between two dielectric layers and make a 
transparent film. 
300 
DRY ETCHING OF METALLIZATIONS 
DAVID BOLLINGER 
VEECO INSTRUHENT!3 
PLAINVIEW, NEW YORK 
The production dry  e t ch  processes from t h e  perspect ive of microelectronic 
fabr ica t ion  appl ica t ions  are reviewed. While f o r  semiconductors, t h e  t e r m  
"metallitat ion" is generalized to  include a l l  conductors, p a r t i c u l a r l y  doped 
polysi l icon,  t h e  only actual metals extensively used in t h e  l a rge  volume 
semiconductor appl ica t ions  are aluminum based. 
t i ons  is fn the  form of an a l l o y  with s i l i c o n  (usual ly  1%) and/or copper (up 
t o  4%) and sometimes i n  conjunction with a barrier metal such as t i tanium t o  
prevent d i f fus ion  of s i l i con .  
retals has been concentrated on developing r e l i a b l e  production processes f o r  
t he  aluminum based meta l l iza t ions .  And, only within t h e  pas t  two years,  has 
dry etching of aluminum emerged from the laboratory i n t o  production, primar- 
i l y  because of progress i n  Reactive Ion Etch mode p l a s m  systems, (discussed 
below) along with t h e  associated gas chemistries.  
A l u m i n u m  in these appl ica-  
Consequently, recent work in dry  etching of 
For d ry  etching, appl ica t ions  are t o  t h i n  f i lms  with thicknesses  usua l ly  
Dry less than 2 microns and with a pa t t e rn  defined by a photo resist mask. 
etching provides the  advantages of (1) el iminat ing d i sposa l  of hazardous 
chemicals, (2) etching materials that are d i f f i c u l t  t o  w e t  e tch,  and (3) 
etching pa t t e rns  with v e r t i c a l  walls, t h a t  'is, etching an iso t ropica l ly .  Anis- 
ot ropic  e tching is esse.tia1 t o  advanced microelectronic devices  because: (a) 
underci-L lh i ts  l i n e  width sites and corresponding "packing density", (b) 
l o s s  of cross-sect ional  area of a conductor causes increased res i s tance ,  and 
(c) a negative s lope type undercut, as tends to  occur i f  aluminum etching is 
not f u l l y  an iso t ropic ,  makes s t e p  coverage by a subsequent l aye r  d i f f i c u l t .  
For a dry etch appl icat ion,  e tch  qua l i t y  criteria which should be considered 
are: the degree of anisotropy, e tch  s e l e c t i v i t y  (with respec t  t o  mask and 
undeilying l aye r ) ,  e tch  uniformity, res idue a f t e r  e tch ing  (compare f i g u r e s  1 
and 2) corrosion a f t e r  e tching (a c r i t i c a l  considerat ion with aluminum), 
thruput requirements, and process r e l i a b i l i t y .  
The major dry e tch  processes used i n  t h e  f ab r i ca t ion  of microelectronic  
devices. given i n  f igu re  3, can be divided i n t c  two ca t egor i e s  - Plasma pro- 
cesses  in  which samples are d i r e c t l y  exposed t o  an electrical  discharge,  and 
f m  Beam processes i n  which samples are etched by a bean; of ions extracted 
fr,m a discharge. The plasma e tch  processes san be dis t ingutshed by the de- 
gree t o  which ion bombardment cont r ibu tes  t o  t h e  e t ch  process. 
is re la ted  t o  capab i l i t y  f o r  an iso t ropic  etching. 
and Ion Beam Etching are of most i n t e r e s t  f o r  e tching of t h i n  f i lm  metals. 
R I E  is general ly  considered the  best  process f o r  l a r g e  volume, an iso t ropic  
aluminu*J etching. 
This,  In  tu rn  
Reactive Ion Etching (RIE) 
Barrel Type Plaslne Etchers 
The Barrel Type plasma e tch  configuratlon, schi I f ,  :kte 4, is usua l ly  
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a quar tz  c y l i n d e r  i n t o  which wafers are loaded concent r ic  t o  t h e  c y l i n d e r  
a x i s .  An RF discharge,  with f i e l d s  appl ied e x t e r n a l  t o  t h e  r e a c t o r  vessel, 
fragments t h e  gas  i n t o  chemically r e a c t i v e  spec ies .  A s h i e l d i n g  screen  may 
be used tc prevent t h e  ionized gas  from reaching t h e  wafers.  Etching is then 
pr imari ly ,  or e n t i r e l y ,  hy n e u t r a l ,  chemically reactive spec ies .  The advan- 
tages  of b a r r e l  type r e a c t o r s  are t h e i r  high throughput a t  a low c a p i t a l  
cos t .  The disadvantages are that e tch ing  i s  pure ly  chemical, and cherefore  
i s o t r o p i c ,  and t h a t  materials f o r  which bombardment is needed t o  c o n t r i b u t e  
t o  t h e  e t c h  process  (eg. Si021 are d i f f i c u l t  t o  e t c h .  
Plasma Mode and R I E  Mode Plasma Systems 
Plasma Mode and R I E  Mode p lanar  e l e c t r o d e  conf igura t ions ,  f i g u r e s  5 and 6 ,  
have two important d i f f e r e n c e s :  (1) RIE o p e r a t e s  a t  a lower p r e s s u r e  (L200 
microns), and (2) f o r  R I E ,  t h e  wafers sit on a c a p a c i t i v e l y  coupled, RF 
dr iven e lec t rode ,  while  for t h e  plasma mode, wafers are on a grounded elec- 
t rode.  I n  t h e  R I E  mode, wafers being etched can take  on a n  average negat ive  
s e l f  b i a s  v o l t a g e  with r e s p e c t  t o  t h e  plasma and, as a r e s u l t ,  e n e r g e t i c  ion 
bombardment ( i n  t h e  range of several hundred e V  as opposed t o  less than 50 eV 
f o r  P l a s m  mode opera t ion)  can c o n t r i b u t e  t o  t h e  e t c h  process .  The e n e r g e t i c  
ion bombardment provides  t h e  R I E  process  wi th  its a n i s o t r o p i c  e t c h  c a p a b i l i t -  
ies ( f i g u r e  7) .  Anisotropic  e t c h i n g  is p o s s i b l e  i n  t h e  Plasma mode but  such 
processes are much more dependent on polymerization processes  t o  p r o t e c t  t h e  
p a t t e r n  s idewal l  from undercut than i n  R I E  processes .  
As with t h e  b a r r e l  e t c h  process ,  i n  Plasma mode and R I E  chemical ly  re- 
a c t i v e  s p e c i e s  are created by t h e  RF discharge.  However, e t c h  mechanisms, 
and hence e t c h  c h a r a c t e r i s t i c s ,  d i f f e r  as a r e s u l t  of t h e  degree of ion bom- 
bardment. I n  R I E  processes  f o r  Aluminum, t h e  chemically reactive s p e c i e s  
are c h l o r i n e  s p e c i e s  produced 5y fragmentation of molecules conta in ing  ch lor -  
ine  ( i e .  B C l 3 ,  C C l 4 ,  C 1 2 ,  S i C 1 4 ) .  The s u r f a c e s  which are etched,  those par- 
a l l e l  t o  t h e  e l e c t r o d e  t o  which t h e  wafers a r e  a f f i x e d ,  cont inuously andergo 
ion bombardment which c l e a n s  t h e  s u r f a c e  of n a t i v e  oxide,  o r  any o t h e r  re- 
a c t i o n  i n h i b i t i n g  l a y z r  ( f i g u r e  7 ) .  D i r e c t i o n a l  e t c h i n g  can then proceed by 
the r e a c t i v e  c h l o r i n e  s p e c i e s  forming aluminum c h l o r i d e s  which, having a low 
vapor pressure ,  can lx puqped away. 
Ful ly  automated, casse t te - to-casse t te ,  load locked Plasma and RIE mode 
systems are a v a i l a b l e .  
a t i n g  pressure  can have much higher  etch rates, thus  s i n g l e  wafer a t  a time 
as w e l l  a s  batch systems are made. 
to -casse t te ,  load locked R I E  system f o r  l a r g e  volume aluminum, S i 0 2  and poly- 
s il icon e tch ing  . 
Plasma mode systems, by v i r t u e  of t h e i r  h igher  oper- 
Figure 8 shows t h e  Veeco DV-40 cassette- 
Ion Beam and Reactive Lon Beam Etching 
Ion beam e tch ing  is accomplished by a col l imated beam of ions  which is  ex- 
t rac ted  from a d ischarge  by a set  of g r i d s  ( f i g u r e  9) .  
etched a r e  a f f i x e d  t o  a t a r g e t  p l a t e  which must preform t h e  m u l t i p l e  func- 
t ims of :  (i) heat  s ink ing  t h e  wafers being etched t o  prwent overheat ing,  
p a r t i c u l a r l y  of resist, ( 2 )  t i l t  a t  an angle  wi th  r e s p e c t  t o  t h e  i c c i d e n t  
ion beam t o  give c o n t r o l  over t h e  p s t t e r n  s idewal l  characteristics, and (3) 
r o t a t e  i n  t h e  ion beam t o  symmetrically average t h e  a f f e c t  of t h e  t i l t  on t h e  
S u b s t r a t e s  t o  be 
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p a t t e r n  being etched. Ion beam systems o p e r a t e  a t  a l o w  pressure ,  about 
lX10-4 Torr,  t o  eliminate ion beam - gas  molecule c o l l i s i o n s  in  t h e  e t c h  
chamber from a f f e c t i n g  t h e  e t c h  process.  
s ion  or cryopump is needed, when us ing  r e a c t i v e  gases  cryopumping is gener- 
a l l y  not  acceptable .  
Vacuum pumping by m e a n s  of a d i f f u -  
For i n e r t  gas  Ion Beam Etching, in uhich argon is corPnronly used, t h e  e t c h  
process i s  purely mechanical s p u t t e r i n g .  
of t h e  binding energy bet;reer? t h e  atoms i n  t h e  s u r f a c e  Seing etched. I n  t h e  
case of Reactive Ion Beam Etching, r e a c t i v e  s p e c i e s  can chemically change t h e  
bonding of t h e  s u r f a c e  atoms t h u s  changing t h e  e t c h  rate. men us ing  t h e  re- 
a c t i v e  gas  C12, formation of weaker Al-SI bonds on t h e  s u r f a c e  can enhqnce 
t h e  e t c h  rate from t h e  pure s p u t t e r i n g  case of  600 Afmin to over  1,000 A/min. 
When 02 gas is used, sFronger aluminum-oxygen boding w i l l  depress  t h e  e t c h  
rate to less than 100 A f m i n .  
t h a t :  (1) Any nuterial can be etched,  i n  p a r t i c u l a r ,  chemically i n e r t  aater- 
ials silch as Si-Fe (bubble memory and t h i n  f i l m  e a g n e t i c  head a p p l i c a t i o n s )  
a3d gold (high frequency t r a n s L s t o r  a p p l i c a t i o n s )  - (2) Cowbinations of mater- 
ia ls ,  a l l o y s  and i a y e r s  can be etched i n  a s i n g l e  s t e p .  (3) P a t t e r n  s i z e  
t h a t  can be etched is limited only  by t h e  l i thography.  A clsracteristic mak- 
ing t h i s  process  usefu l  for e tch ing  e l e c t r o n  beam i r r i t t e n  master chrome g i a s s  
masks. And, (4) The s lope  of t h e  p a t t e r n  sidewalls can be c o n t r o l l e d  to g2ve 
goad S%Q coverage f o r  subsequent layers .  Reactive Ion Be- Etching adds t h e  
c a p a b i l i t i e s  of e t c h  se! e c t i v i t y  and h igher  e t c h  rates. 
The s p u t t e r i n g  rate is a funct ion  
The advantages of Argon ion beam e tch ing  are 
Some of t h e  c a p a b i l i t i e s  of ion bean e tch ing  are shoun by f i g u r r s l 0 - 1 2 .  In 
argon ion bean. e tch ing  bobble memory p a t t e r n s ,  f i g u r e l 0 , t h e  aluminum conduc- 
t o r  p a t t e r n  can be  etched with a sioped wal l  'cc provide s t e p  coverage f o r  t h e  
subsequent d i e l e c t r i c  layer .  The Si-Fe l a y e r  musi be etched wi th  spacings of 
less thar. 1 micron and with v e r t i c a l  w a l l s  to  give vel1 defined magnetic 
tioma i n s .  T a n t a l m  si1 i c  ;de (TaS i 2 )  !pclysi l  icrin dio::i-le-laser "metaflizat ions" 
which aro, of i n t e r e s t  t o  rep lace  Coped p o l y s i l i c o n  t a  give  lower r e s i s t i v i t y  
can be etched a n i s o t r o p i c a l l y  in a s i n g l e  React:\-- Ian Becrz Ftch pri)cess, f i g  
f i g u r e  11, whereas a n i s o t r o p i c  e tch ing  through bc th  l a y e r s  is d i f f i c u l t  wi th  
Plasm? a d  RIE processes ,  f i g u r e  12. 
Iofi Beam Etching has  been used f o r  lower throughptic, "special ty"  appl ica-  
t i o n s  in  which t h e r e  are p a r t i c u l a r l y  demanding e t c h  requirements.  
l a r g e  ioai bean e t c h  system (eg.  Veeco LO" Nicroetch,  f i g u r e  13) an appl ica-  
t ion  i n  which 5,000 A of Si-Fe or  1 micron of gold are etched,  t h e  throughput 
would be about twenty-five 3" diameter or f i f t e e n  4" diameter  wafersfhr .  
Present ly ,  ion beam etch systems with f u l l y  automated wafer handl ing are not  
a v a i l a b l e .  
For a 
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Figure 5. Plasma Mode Type Etch System 
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Figure 6. Reactive Ion Etch Chamber 
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Figure 7. 
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1. RF discharge breaks up molecules creating ions and chemically reactive gas species 
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anisotropic etch results from directional ion .bombardment. 
ion energy in range of 100 - 500eV. 
3. When base layer reached, chemical selectivity results in low etch rate. 
4. Etching stopped. 
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DISCUSS ION 
GALLAGHER: Have you, in your travels, ever done any etching using shaped 
electrodes, to givr yo19 patterns wiLhout using photolithographic 
processes? For example, in our system, which you may or may not be 
familiar with, we had one of our contractors etch silicon nitride, 
were using silicon nitride basically as an AR coating i n  this 
application and he wanted to make rather gross patterns, in relation to 
what you are doing, through the silicon nitride at the top of the solar 
cell, BO that he co'ild later plate contacts down in there and make his 
top contact. 
corner. 
We 
The gentleman who did some of it is sitting over in the 
I just wondered if you had any history or knowledge of it. 
BOLLINGER: Veeco hasn't done any direct etching without masking. We haven't 
done any specifically that I'm aware of. 
and single-ion-bfam etching were done throuei:. a mask, but not on a wafer 
directly. 
Both direct-writing etching 
GALLAGHER: Bob (Pryor), can you tell us a little bit about the conclusions 
Motorola reached on that? 
PRYOR: We've used brtsicalLy '.he parallel-plate type of method i.n the reactive 
ion mode, with a mechanical mask to actually shadow the impinging beam 
and etch where you want to etch without applying photoresist or any 
other kind of resist. That was tSe process developed on one of the 
former JPL contracts that we had. 
quite well down to things on the order of about 1 mil in terms of ?;ne 
widths, which for out application is the size we were interested in. 
It works very successfully and worked' 
BOLLINGER: Do you use a plate or something to shadow? 
PRYOR: Yes, in effect, to put a shadow plate with a grid pattern in between 
the plasma and the substrate. It masks the accelerated ions and it 
works quite well, 
AMICK: Can you say whether it is possible to monitor ;he progress of the 
etching by looking at the plpsma emission? 
BOLLINGER: Oh, yes. For plasma processes, a very good diagnostic tool, as 
wel.1 as for detecting end point, is optical emission spectroscopy, 
because you can look at a line, such as when etching aluminum or 
monatomic excitation lines. 
basically proportional to the etch rate. 
And the amount of the light emitted is 
AMICK: Have you worked out sny reactive ion etching techniques for diapqostic 
purposes using plasma emission? 
BOLLINGER: Oh, yes. It is used in those techniques; in a reactive ion 
technique it works vary well. Aluminum works very well; it's 
particularly good. In etching silicon dioxide you usually monitor the 
carbon monoxide line, which is not quite as good as the aluminum line, 
but those are very good diagnostic techniques for doing etching as well 
as monitoring end point. 
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AnICK: Are those b u i l t  i n t o  the  equipment? 
BOUINGER: It is b u i l t  i n t o  the  Veeco r eac t ive  ion system. In o ther  
equipment it vould be an option, but  i t  is an e a s i l y  added option. 
CAMPBELL: Is it s a f e  t o  say tha t  both the  plasma mode and r eac t ive  ion- 
e tch ing  mode are line-of-sight e tching? 
BOUIHCER: You mean by the ions? 
CAMPBELL: Yes. 
BOLLINGER: I vould guess i t  would be a 1.ine of d i scuss ion  same people would 
agree with t h a t  with the  plasma mode, because of the  higher pressure and 
the many c o l l i s i o n s  suffered by ions i n  going through the  sheath. But 
there  has t o  be a d i r ec t iona l  aspect ,  c e r t a i n l y  because it can give an 
i so t rop ic  etching, so i t  c e r t a i n l y  would be s a f e  t o  say that for the 
r eac t ive  etch mode people might argue it ,  but there  is t h a t  aspect  for 
plasma cer ta in ly .  
CAMPBELL: So there  would be "load factors"  involved i n  both those cases. 
In other  words, your e tching h a s - t o  be some way fac ing  the beam. 
BCLLINGER: Oh, yes.  The beam is really formed i n  there ,  ac tua l ly  with the 
plasma and tha t  cathode sheath, t ha t  dark space I mentioned, chat forms 
around everything you put i n  a plasma. If you turn  it i n  an angle it 's 
going t o  form at  an angle with respec t  t o  i t ,  and you are going t o  get 
-crmal ion bombardment. 
another angle. 
You can ' t  t i l t  it and ge t  ion bombardment a t  
BURGER: Is there  any area  l imi t a t ion  i n  something l i k e  plasma planar  
Why not 48-inch, or 
reac tors?  
because you are used t o  24-inch b e l l  jars. 
some:hing l i k e  tha t ?  
For instance,  you know you may make them 24 inches around 
BOLLINGER: I don't think there  is any l imi ta t ion .  Very l a t g e  s y s t m s  have 
been made. 
i n i t i a l  cap i t a l .  
diameter sys tem and couldn't se l l  any because i t  was too big,  but it can 
be done. 
For commercial sales they haven't done very w e l l  because of 
I knog of a company i n  Japan t h a t  made a 100-inch- 
BURGER: Basically you would s t i l l  get  good process cont ro l  and expect t o  turn  
out a good qua l i ty  product. 
BOLLINGER: Yes, lou  could. It would, of course,  depend on making s u r e  t ha t  
the gas f l w  gave even etch gradients ,  
BURGER: It was the gas glw t h a t  was worrying me. 
BOLLINGER: That would be a problem. The bigger you get  t he  more de te r ren t  i t  
is, but i t  can be done. It has been done. I'm not  sure  how successful  
very l a rge  diemeters are ,  but I'm sure  i t  could be done. 
SCHRODER: Which technique i s  the most used i n  I C  production today? 
315 
BOLLINCER: If you just say silicon device production, it depends on the 
If you don't worry about anisotropic, certainly the barrel size. 
reactors are the most comonly used today. 
microns and in that range, but for the newer devices, so-called VISI 
(Very-Large-Scale Integration), reactive ion etch and plasma mode are 
used almost exclusively. 
Host of IC production is 5 
SCHRODER: Ion beam is hardly used for the large application, Is that right? 
BOLLINCER: For the large-throughput applications, ion beam just doesn't have 
the throughput, end the plasma aode and the RE lode systas can handle 
the semiconductor materials vell, so ion-beam equipment has not been 
developed for high throughput at this tire. 
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LASER ASSISTED DEPOSITION 
Subhadra Dutta 
Uestinghouse R6D Center  
Pi tcsburgh,  PA 15235 
Y e t a l l i z a t i o n  o f  semiconductor d e v i c e s  is conven t iona l iy  accomplished by 
c mil t  i s t e p  p rocess  involving pho to l i t hograph ic  p a t t e r n  d e f i n i t i o n ,  metal 
f i l m  d e p o s i t i o n ,  arid l i f t o f f  o r  e t ch ing .  Lase r -a s s i s t ed  p y r o l y s i s  and photo- 
l y s i s  t e c k i q u e s  Mve r e c e n t l y  emerged as nove l ,  maskless, one-step p rocesses  
f o r  s e l l - r e s o l v e d ,  l o c a l i z e d  metal f i l m  growth on semiconductor s u b s t r a t e s .  
I n f r a r e d ,  v i s i b i e ,  or u l t r a v i o l e t  lasers have been used ta d e p o s i t  metal 
f i b a s  on s e l e c t e d  s u b s t r a t e s ,  e i t h e r  thermally,  as i n  laser chemical vapor 
d e p o s i t i o n  (LCVD! , o r  non-thermally by pho tod i s soc ia t ion  o r  o r g a n o n e t e l l i c  
-.rapor s . 
Laser-Assisted Thermal Deposit ion -  -
Chemical vapor d e p o s i t i o n  (CVD) o f  metals is conven t iona l ly  performed by 
r e s f s t i v e l y  o r  inducEively h e a t i n g  a n  a p p r o p r i a t e  s u b s t r a t e  i n  a reactive 
atmosphere, w i t h  p y t o l y s i s  r e a c t i o n s  a t  t h e  s u b s t r a t e  s u r f a c e  providing t h e  
basis f o r  f i l m  growth. 
used t o  s e l e c t i v e l y  heat l o c a l i z e d  areas of  s u b s t r a t e s  which abso rb  a t  t h e s e  
uaveiengths.  The u s e  of  a laser a s  a hea t  sou rce  f o r  chemical vapor deposi-  
t im (LCVS) ,(I) p a r t i c u t r l y  f o r  p h o t o v o i t a i c  m e t a l l i z a t i o n  systems app l f ca -  
t i o n s ,  o f f e r s  s e v e r a l  d i s t i n c t  advantages:  (1) t h e  s p a t i a l  r e s o l u t i o n  and 
c o n t r o l  r equ i r ed  f o r  maskless  product ion o f  f i n e  l i n e  metal g r i d  s t r u c t u r e s ;  
(2) l o c a l i z a t i o n  o f  t h e  hea t ing  to a sk i l l ow,  s u r f a c e  layer, r e s u l t i n g  i n  
l i i n i t ed  d i s t o r t i o n  of  t h e  s u b s t r a t e ;  (3 )  t h e  p o s s i b i l i t y  oE c l e a n e r  f i l m s  due 
t o  t h e  small  volume heated;  and (4) t h e  b i l i t y  t o  i n t e r f a c e  e a s i l y  w i t h  
laser anneal ing(2)  and laser d i f fus ion (38  of  s o l a r  cells. 
Pulsed or CW lasers o f  s u i t a b l e  wavelengths may be 
Allen and Bass(4) have used a C02 laser to  d e p o s i t  n i c k e l  on q u a r t z  
LCVD metal f i l m  t h i c k n e s s e s  tend t o  be s u b s t r a t e s  from gaseous Ni(C0)4. 
s e l f - l i m i t i n g ,  w i t h  a maxhum t h i c k n e s s  of  550 being ob ta ined  f o r  n i c k e l .  
F l e c t r o p l a t i n g  o r  e l e c t r o l e s s  p l a t i n g  t e c h i q u e s  may have t o  be employed i n  
o r d e r  t o  b u i l d  up t h e  r e q u i s i t e  f i l m  t h i c k n e s s  f o r  scjlar ce l l  a p p l i c a t i o n s .  
V i s i b l e  c r  u l t r a v i o l e t  lasers may also be  used t o  select ivel :?  h e a t  t h e  
s u b s t r a t e s .  Excimer lasers, which o p e r a t e  a t  u l t r a v i o l e t  wavelengths,  may be 
more e f f e c t i v e  than long-wavelength lasers f o r  LCVD a p p l i c a t i o n s ,  as  s i l i c o n  
has a d i r e c t  bandgap t r a n s i t i o n  a t  u l t r a v i o l e t  wavelengths. A s  a r e s u l t ,  
t h e  u l t r a v i o l e t  r a d i a t i o n  is absorbed much more s t r o n g l y  a t  t h e  s i l i c o n  
s u r f a c e  and does n o t  p e n e t r a t e  as deep ly  i n t o  t h e  s u b s t r a t e ,  r e s u l t i n g  i n  
p r e c i s e l y  loca l  ized heat ing.  Other advantages o f  excimer lasers inc lude :  
(1) g r e a t e r  e l e c t r i c a l  e f f i c i e n c y  r e s u l t i n g  i n  lower f a b r i c a t i o n  c o s t s ;  
(2 )  low coherence,  a l l e v i a t i n g  i n t e r f e r e n c e  pro5lems such a s  speck le ;  and 
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(3) a typ ica l ly  high t ransverse  mode s t ruc tu re ,  producing a beam of uniform 
i n t e n s i t y  over a l a rge  area. 
-- P'mt@dissociatPJe Metal Deposition 
One of t h e  most exc i t i ng  new tec ln iques  f o r  metal f i lm deposi t ion that 
Tha fundamental d i f fe rence  between t h i s  t e c h i q u e  and 
has recent ly  emerged is laser-induced photodecompgsit ion of gas-phase organ- 
ometal l ic  compounds. 
laser chemical vapor depos i t ion  is that,  instead of  r e ly ing  on loca l i zed  
subs t r a t e  heating and subsequent pyro lys i s  r eac t ions  a t  t h e  s u b s t r a t e  sur face  
t o  achieve f i lm deposi t ion,  t h e  photons non-thermally sever  bonds in gas- 
phase  organometall ic molecules, l i b e r a t i n g  metal atoms which condense on t h e  
laser- i l luminated regions of t h e  subs t r a t e ,  forming a fi lm. This techr ique  
is capable o f  very high r e so lu t ion  pat terned f i lm  depos i t ion  f o r  two reasons. 
F i r s t l y ,  t he  deposited metal l inewidths  are independent of t h e  s u b s t r a t e  
absorpt ion or thermal conduct ivi ty ,  r e s u l t i n g  i n  f i n e r  reso lu t ion  and g rea t e r  
uniformity over t h e  e n t i r e  s u b s t r a t e  due t o  t h e  i n s e n s i t i v i t y  t o  l o c a l  
v a r i a t i o n s  of thermal conditions.  Secondly, t h e  u l t r a v i o l e t  l a s e r s  t h a t  are 
general ly  used i n  t h i s  technique have considerably snaller d l f f rac t ion- l imi ted  
spot s i z e s  than vis ib le ,  or in f ra red  lasers, r e s u l t i n g  in  deposited l inewidths  
a s  small as  0 . 1  micron.(5) 
E'nrlich, Deutsch and Osg0od(5)-(~) have performed a v a r i e t y  of experi-  
ments on photodissociat ive m e t a l  deposi t ion using both pulsed (excimer 
lasers, 1-100 m J ,  10  ns) and CW (frequency-doubled Arf laser, 10 uW - 3 mW) 
W lasers. 
process was used t o  depos i t  Cd, A l ,  and Zn pat terned f i lms  from metal-alkyl 
vapors. I n  t h e  f i r s t  s tep ,  c a l l e d  prenucleat ion,  a focused t !  laser w a s  
used to i r r a d i a t e  t he  s u b s t r a t e  i n  t h e  r e q u i s i t e  pa t t e rn ,  photodissociat ing 
a th in ,  adsorbed layer of meta l -a lkyl  molecules. The laser w a s  then de- 
focused t o  i l lumina te  t h e  e n t i r e  subs t r a t e ,  causing f i lm growth t o  occur 
s e l e c t i v e l y  i n  t h e  prenucleated regions.  These experiments also indicated 
that f i lms  of one metal ,  e.g., A l ,  may be grown on nuc lea t ion  cen te r s  of  a 
second d i s s imi l a r  metal, e.g., %n. This is of  p a r t i c u l a r  i n t e r e s t  f o r  s o l z r  
c e l l  appl ica t ions ,  whre a two- or three-metal sys tem o f t e n  has t o  be employed 
for d i f fus ion  barrier and galvaaic  buffer ing purposes. 
I n  one of t h e i r  most i n t e r e s t i n g  expe rhen t s , (6 )  a two-step 
Draper(9) has deposited both C r  and MG using off-resonance laser- 
induced d i e l e c t r i c  breakdown of metal carbonyl vapors wi th  a pulsed CO2 
laser. 
nm, u t i l i z i n g  t h e  multiphoton absorpt ion that  occurs  a t  t h i s  u l t r a v i o l e t  
wavelength f o r  carbonyl molecules, tc deposi t  C r ,  Mo, and W f i lms .  The 
laser was operated a t  150 mW peak power with pulse  widths of 120 LIS. I n  
another set of experiments, Coombe and Wodarczyk(11) used KrF (249 nm) and 
X e C l  (308 nm) excimer lasers t o  induce t h e  loca l i zed  deposi t ion of Zn and Mg 
f i lms  from t h e  pure metal vapors. The l a s e r  pu lses  used i n  these  experiments 
were typ ica l ly  20 ns i n  dura t ion  and ca r r i ed  ene ig i e s  of up t o  20 m J  (KrF) or 
5 mJ (XeC1). 
Sola3ki e t  a1.(10) used a pulsed copper hollow cathode laser a t  260 
Conclusions 
Applications of laser-based processing techniques t o  s o l a r  c e l l  metalli- 
za t ion  w i l l  be discussed. 
deposi t ion from organometall ic vapors or so lu t ions  may provide a v iab le  
Laser-asslsted thermal o r  photo ly t ic  maskless 
?:8 
a l t e r n a t i v e  t o  p h o t o v o l t a i c  m e t a l l i z a t i o n  systems c u r r e n t l y  i n  use.  High 
power, defocused excimer lasers may be used i n  conjunct ion w i t h  masks as  an 
a l t e r n a t i v e  t o  d i r e c t  laser w r i t i n g  t o  provide higher  throughput.  Repeated 
pu l s ing  wi th  excimer lasers may e l i m i n a t e  t h e  need f o r  secondary p l a t i n g  
techniques f o r  metal f i l m  buildup. A comparison between t h e  thermal and 
photochemical d e p o s i t  ion p rocesses  w i l l  be made. 
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Potential Advantages of Laser Deposition 
Techniques for Photovoltaic Systems 
High Resolution 
Masklass Process 
Clean And Contamination - Free 
In-Situ Sintering 
Low Contact Resistance 
Low cost 
A Conventional Metallization System Employs 
a Sequential Multistep Process: 
I 
Lift-Off Or Etching 
Laser-Assisted Metallization Techniques 
Are Essentially One-Step Processes: 
laser-Surface Interaction 
Resulting In 
Loalired Film Growth 
I 
320 
Photovoltaic Metallization System 
Screen Printing 
6 Etwtmpbting Not Required 
PoorRcrdutioa 
limited lo  Oac Metal - Ag 
Possibility 01 La Ulunt Resisbmt. LOW Lifetimes 
High Coatact ResiStrnce 
Photolithographic Definition 
lkttef R#alUtioa 
6 Variety Of Metals (Diffusion Lma) 
Ektroplrtiag Required 
6 Multistep Process 
Laser-Assisted Deposition 
Submicron RIsdntioa 
Variety Of Metals 
6 Eketmphtiag b y  lot Be Required 
6 One-Step. Maskless Process 
Laser-Assisted Deposition Techniques 
Pyrolytic Deposition (Thermal) 
laser Chemical Vapor Oeposition (LCVD) 
Laser Deposition From Solutions 
Photolytic Deposition (Non-Thermal) 
Laser Photodissociation Of Vapors 
laser Photodissociation Of Solutions 
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Pyrolytic Deposition 
Laser ChcmICll Vwr Degorlon ILCWI 
c P Chrirtonsen and K M lakin I W I I  
Unrenny 01 Southern Calilornu 
Center lor Laser Studies 
Unrersily 01 Soulhern Calilornu 
w Roth H SchunIUher anaH Emeking 11983. 
flKtrKll flQlnCWl~ De#aflmml 
s D AIIUI ana M Bass I l97W 
Instttuteol Seciwandurlor f l c t m n ~ r  
W. Germany 
S. ouna 
1.1. -m. z, 3-11-11) 
Advantages 
o\q. 1119A96 
Spatial Resolution And Control - !Aaskless 
limited Distortion Of Substrate 
Possibility Of Cleaner Films 
Convenient Interfacing With laser Annealing 
Process 
And laser Diffusion Of Solar Cells 
Disadvantages 
LCVD Metal Film Thickness Self-limiting - 
Direct laser Writing Relatively Slow Process 
Require Electroplating 
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Photolytic Deposition 
5. Dun* 
I . \  -In L 3-11-83 
Laser-Induced Photodissociation Experiments 
Performed by: 
D.J. Ehrlich, T.F. Deutsch. And R.M. Osgood 
M.I.T. Lincoln laboratory 
Pulsed Excimer lasers 
A = 157-350 nm 
Enern = 1-100 mJ 
Pulse Width = 10 ns. 
A = 257.2 nm 
Power = 10 pw - 3 mW 
(1979-1982) 
Lasers 
Repetition Rate = 1-150 HZ 
CW Frquency-Doubled A? laser 
Encapsulant Gases 
Cd (CH3)2 
zn (CH3)2 Fr lE:k Fa (Cob C F j l  SnC14 
Sn (CH3k 
Q (CH3k 
Bi ( W 1 3  
Si (CH314 
Ge (CH314 
AI2 (cH3)6 
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Two-step Deposition Process 
Prenucleation: 
1. Substrate Exposed To High Pressure 
2. Chamber Evacuated To << lTorr 
3. Focused CW laser Beam (A = 257.2 nm) 
Scanned Across Substrate In Requisite 
Pattern Forming Zn Nucleation Centers 
1. Chamber f i l led To 10 Torr Of Zn (CH3)2 
2. Substrate Flood Illuminated Using 
3. Film Growth Occurs Selectively In  
(- 20 Torr) Of Ln (CH3)2 
Film Growth: 
Defocused laser Beam 
Prenucleated Regions 
Films Of One Metal, e.g. AI, May Be Grown On 
Nucleation Centers Of Another Metal, e.g. Zn 
...... 
Nuclulbn Centers Formed 
( InvislMel ...... ...... 
Prtnnucleatbn 
Ovcrfmporun 
Fllm Growth In 
Non-Prenuclwted Rqbnr 
5. DUM 
1.t. -m.z 3-11-03 
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Other Laser-Induced Photodeposition Experiments 
R. Solanki, P.K. Boyer, J.E. Mahan, 
And 7.J. Collins (1981) 
Colorado State University 
Pulsed Copper Hollow Cathode Laser 
A = 269 nm 
Power = 150 mW 
Pulse Width = 120 ps 
Cr, Yo, And W Films Deposited From 
Metal-Carbonyl Vapors 
R.D. Coombe And F.J. Wodarczyk !1980) 
Rockwell International 
Pulsed Krf Excimer Laser 
A = 249 nm 
Energy = 20 mJ 
Pulse Width = 20 ns 
Pulsed XeCl Excimer laser 
A = 308 nm 
fnergy = 5 mJ 
Pulse Width= 20 ns 
Zn And Mg Films Deposited From 
Pure Metal Vapors 
C.W. Draper (1980) 
Western Electric Research Center 
Pulsed C02 Tea Laser 
A = 10.6 pm 
Energy = 4-5 J 
Pulse Width = 170 ns 
Cr And Mo Films Deposited From 
Metal-Carbonyl Vapors 
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Advantages 
Possibility Of Depositing Two Or More 
Dissimilar Metal Films Over Each Other 
Higher Resolution Obtainable Than With 
Thermal Techniques 
Defocused, High Power, Pulsed Excimer 
laser May Be Used With Mask For Faster 
Deposit ion 
Repeated Pulses For Film Buildup 
Advantages of Excimer Lasers 
0 Direct Bandgap Transition Strongly 
localized Heating At Silicon Surface (For 
Thermal Deposition Techniques) 
Greater Electrical Efficiency + lower Costs 
l ow  Coherence - Absence Of Speckle 
High Transverse Mode Structure - Uniform 
Intensity Over large Area 
Applications To Photovoltaic 
Metallization Systems 
laser Thermal Deposition From Vapors 
(Or Solutions): 
Clean, Maskless Process 
Possibility Of Interfacing With Laser 
Annealing And Diffusion Techniques 
Ability To Electroplate On Thin, Laser- 
Deposited Film For Rapid Metal Buildup 
laser Photodeposition From Vapors 
(Or Solutions): 
Possibility Of Two Or Three layer Metal 
Deposition (Diffusion Barrier, Galvanic 
Buffering) 
Flood Illumination Using Mask For Rapid 
Throughput 
Possibility Of Using Repeated laser 
Pulses For Film Buildup 
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DISCUSSION 
LAEJDJL: I'm sure there will be a number of questions. Let me e:cercise che 
chai-man's prerogative to ask a few. You described the nature of the 
technique, but I'm sure the audience is hungering or thirsting for some 
Information. For example, what has been put d c m ?  Ynu talked about the 
ability to put down lines, in some cases you talked about films, which 
must be general films. It is not clear w3en you are talking about a 
line and when you are talking about a general surface area coverage. 
Finally, since you talked about tnin films at the end of the last taik, 
yoil were talking about the problems that ccLid be seen i f  you tried now 
to bond to the very thin films. 
those? Let me repeat them, let me take them in turn. The quantitatrve 
data: what has been put down in thin film or thin lines, since we are 
talking about metallization systems for cells? 
Would you conanent on any or all of 
DUTTA: Well, zinc, aluminum. The group at MIT have put down both films and 
lines, they have done several experiments on this technique and in the 
review paper they have written on the subject they have listed all of 
these encapsulant gases, so I assume they have put down all of these 
materials. They have talked in greater detail about aluminum, zinc and 
they have written lines, as well as deposited films; they have tried 
both. They have written lines using focused laser, and they've 
deposited films. 
LANDEL: That wasn't clear. The second one was bonding to these lines. People 
have been talking about the difficulty of eo1de;ing to the various ink 
lines or lines put down in various ways. 
talked about the possibility of depositing the chemically 
metallo-organic systems, but those are so thin that she had to take 
special precautions to keep from simply dissolving them '3 . again. 
anyone tried bonding to these sorts of lines? 
For example, the last speaker 
Has 
DUTTA: You mean electroplating to these sort of lines? No, I have not seen 
it. 
metallization technique for MOS FETs, and they were able to measure 
device characteristics. 
There is a paper that this group (MIT) has written on us'' ; this 
HYDE: What kind of deposition rate can you get with these techniques? What 
speed of layer buildup? 
DUTTA: With this pyrolytic technique you are limited by your writing speed 
because you have to use speed that is compatible with the pyrolytic 
decomposition taking place at each spot. That makes it a relatively 
slow technique. I think you approach one micron or several microns a 
second. it is quite slow. With the photodissociatp.' technique, the 
deposition rate is linear with the laeer intensity and also with ths 
density of organo-metallic gas. 
LANDEL: You still have to prewrite, evidently, a nucleation a4te. Is that 
true? 
DUTTA: That is true. 
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UNDEL: I think an appropriate  question would then be, what s o r t  of wr i t i ng  
speed do you have there? 
WITTA: I think you could prew-ite th+ pa t t e rn  very r ap ia ly  -- 2000 cm per 
second. 
SOI¶BERG: Would you care t o  c m e n t  on the  cos t  of such a s y s t a ,  assuming i t  
is done i n  a vacuum or sme! kind of chamber? 
WTTA: If you use an ex iaer  laser - t h a t  i s  a high-efficiency laser, so it 
is not as expensive as other  laser systems - I think the  i n i t i a l  
settir,g-up cos t  would be greater -- the  i n i t i a l  op t ia izd t ion .  Al;  t h a t  
would t ;tester than other  techniques because it  is a novel procedure, 
and I wourd assume t h a t  i f  things are properly optimized i t  would not  be 
a l l  t ha t  much more expensive t o  run. 
SOnBEBG: Are we t a lk ing  i n  the  order  of ,  s ay ,  a qua r t e r  of a mil l ion  d o l l a r s ,  
a hundred thousand doll2.rs? 
equiprent,  with the  vacuraa equipment. 
I am t a lk ing  about t he  laser with the  
DUTTA: The vacuam equipment should not be too expensive--a few thousand 
dol la rs .  The laser would be the most expensive item. 
SOnBEXG: The other  question I have, i f  I may, is: i f  you have t o  use a 
plating-up procedure on the  pyro ly t ic  technique, what is the  advantage 
of t he  technique i f  you have t o  p l a t e  up? 
WTTA: You get very much better reso lu t ion  than i n  the  screen p r in t ing  
technique. 
SOUBLRG: I am t a lk ing  about placing -- i f  you have t o  p l a t e  up, and i f  you 
were t o  use a photoli thographic technique, what is the  advantage of t he  
py ra ly t i c  technique i f  you have t o  p l a t e  up anyhow? 
WTTA: What is the advantage of the  pyro ly t ic  technique over the  photo- 
1 i thograph i c  technique ? 
SOnBERG: Yea. 
WTTA: You are s t i l l  using maskless procedure -- t he  p l a t ing ,  of course, 
p l a t e s  onto the metal. 
you are cu t t i ng  down some of your process s teps .  
You don't have t o  use  a mask during p l a t ing ,  so 
SOHBERG: T h a k  you. 
AMICK: In descr ibing the single-step photodecomposition gaseoas organo- 
me ta l l i c  technique, you say t h a t  a f t e r  the  metal atoms have been f reed  
they w i l l  condense on a region of the subs t r a t e  i l luminated by the  
l a se r .  Why a re  they so cooperative as t o  do tha t ?  
DUTTA: The laser i s  focused c lose  t o  the  subs t r a t e ,  so t ha t  the d i s soc ia t ion  
occtirs r i g h t  a t  the subs t r a t e  and your d i s soc ia t ion  i s  occurr ing i n  the  
absorbed layer  a t  the sur face  of the subs t ra te .  
where the l a s e r  s t r i k e s  it .  
It i s  d i s soc ia t ing  only 
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AnICK: If I go back from the substrate a little bit, unless it is a highly 
converging beam, I will also see dissociation there as wll, so I would 
actually be depositing some metal atas all over the place, wouldn't I? 
WTTA: That is right. 
SCHVUTIIKE: I believe that the surface temperature in general where the 
focused laser beam hits the siliccn surface, there you have the proper 
temperature that the gas dissociates. 
depos i t ion. 
There you would get the 
coM(ENT: That is pyrolytic. 
C(HMEKI:: Would you put up that viewgraph? I also had the same problem. 
LANDEL: Also your sketch shoved a general budding of the area for the order 
of associations. 
DUTTA: Yes, that is the problem with schematics. They are not very precise. 
This was to just give an idea of what is going on, but I rea: .ze it can 
be confusing. 
gas. If you have too high a pressure of gas within your cell, then you 
get decomposition too early on. A s  your photons enter the cell you get 
decomposition very close to the window, and so you have compositiaa all 
w e r  the walls in the chamber. But if you peak the gas pressure at sooe 
critical pressure, and you focus your beam so that the maximua intensity 
is close to the surface, or at the surface, where you have the absorbed 
layer, then you dissociate the gas at the surface. You don't have that 
ptob lem. 
It is very critical to have the right density of the 
TAYLOR: I am having problems, also. Let's assume that you are doing your 
excitation all very close to the surface but when you undergo a 
dissociat;m event the metal atom that is liberated is likely to move in 
any direction--to be moving straight out away from the surface as 
frequently as it is moving toward it so, it seems to me like you would 
get a lot of diffusion through the gas phase before it hit the surface 
and stuck. Your resolution would not be very good. 
DUTTA: Well, apparently once you form your nucleation sites then the sticking 
coefficient is such that when you are flood-illuminating the substrate, 
then you have very good localization of the subsequently deposited 
layer. It sticks very well to those nucleation sites. Are you talking 
about the initial nucleation? 
TAYLOR: No. I can understand if you do your pre-nucleation, that route of 
preparation, then you have sites to which the deposited atoms can'stick, 
but unless you do that prenucleation, if you are depending on writing a 
pattern on a substrate without prenucleation, now I think you would have 
trouble with getting resolution. 
DUTTA: Well, people who have not ueed the prenucleation technique have 
reported lines of one to two microns with just using the une-shot 
deposition process. 
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LANDEL: In this case, you are using a line laser that is focused s-where 
off the surface, so you are getting presumably gas-phase disassociation, 
and then that gives rise to uhat line? How wide? 
MITTA: Well, with the prenucleated - 
LANDEL: No, not prenucleated. 
WTTA: One to two microns. 
LANDEL: And how far off the surface are you focusing? 
DUTTA: The Be11 system researchers don't specify. 
LANDEL: I wonder -- in fact, aren't you saying that if YQU prenuclaated, this 
represents some distance of micrans for the pressure you have. You must 
be dissociating through the whole Line, whatever your absorption is, but 
yo2 must have some recombination rate. So you dissociate and recombine, 
and only if you have a site close do you have deposition. If you have 
thought about it, it would seem to me, like Bill (Taylor) said, you are 
going to have things going off in all directions. And furthermore, it 
means you are going to have a tremendous loss or wastage of the material 
you have. It dissociates and now you have the methyl radicals and the 
metal, and it is just floating around in a cloud, and now it is going to 
deposit all over the place -- unless one is relying on the dissociation 
and rapid recombination during the length of the meau free path. 
DUTTA: Yes. 
QUESTION: Doesn't the intensity at the focal point increase the dissociation? 
DUTTA: It does. That is why it is important to have the focus close to the 
substrate. 
COMMENT: You have drawn the laser's focus down at the surface, so that you 
get more dissociation at the focal point of the laser than back in the 
gas where it is not so intense. 
COMMENT: Plus the fact that it really is a surface-absorbed phase; we are 
really talking about enormous density gradient too. 
LANDEL: Well, it is not clear whether it is dissociation of the 
surface-absorbed phase, or whether it's dissociation in the gas phase. 
COMMENT: The point is, if it is out of the surface-absorbed phase, the 
density there is much higher than it would be out of the gas phase--3 
orders of magnitude or something like that. 
COMMENT: I'm getting confused back and forth between prenucleation and the 
single -- this particular one is the single step process, is that 
correct ? 
DUTTA: Well, this is just a generalized viewgraph, depicting the entire 
technique. I think the prenucleation and the whole technique is just 
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one technique, but a two-step deposi t ion process i n  vhich they 
prenucleate and then flood-illuminate is j u s t  breaking down the process 
i n t o  its capouen t  par t s .  I th ink  when jou do it one shot ,  t he  same 
th ing  is happening. The adsorbed lager is being decaaposed. 
COpbIENT: But when done i n  one shot ,  t h i s  does not  represent  a flood example, 
does i t ?  
WTTA: The l oca l i za t ion  can be done by e i t h e r  focusing or by using a mask. 
This was j u s t  t o  general ize  the  depict ion of the  technique. I am not 
specifying how it 's being local ized.  
STEIN: I f  you look a t  the  second and the t h i r d  i l l u s t r a t i o n s  there ,  there  are 
vo d i f f e r e n t  funct ions t h a t  the  photons are performing. One is, you 
call i t  l i be ra t ing  the metal atoms, and the  other  is ac tua l ly  
i l luminat ing the substrate .  
is tha t  you've r e a l l y  got t o  a t t ack  tha t  subs t r a t e  with a laser beam, 
whether you prenucleate it  or whether you j u s t  i l luminate  it. Whether 
the gas i s  photolyt ic  or pyroly t ic  is not as c r i t i c a l  as the f a c t  t h a t  
you've got t o  get  the subs t r a t e  very recept ive  t o  these ava i lab le  atoms 
t h a t  are going t o  be deposited. I 
am not  sure;  I wish you would cor rec t  me. And once you ge t  t h a t  
subs t r a t e  ready, then anything c lose ,  any atoms c lose  t o  i t ,  i f  they are 
s t i l l  atoms, are going t o  s t i ck .  I mean, you 
have tvo functions f o r  t h a t  laser beam shown i n  the  second and t h i r d  
photograph. It seems t o  m e  t ha t  the last furxt ion,  the  bottom one, is  
Lhe c r i t i c a l  one. You've got t o  i l luminate ,  you've got t o  prenucleate 
the surface,  t o  l i b e r a t e  the metal atoms. In f a c t ,  you don't  want t o  do 
much of Chat away from the subs t ra te .  
The way I'm assuming t h i s  thing is working 
I think t h a t ' s  what you're saying. 
Is t ha t  wnat's happening? 
GALLAGHER: Do you knou i f  anyone has ever made a s o l a r  ce l l  andfor l a i d  down 
metal on a solar c e l l  using t h i s  technique? 
WTTA: No. 
ZWERDLING: I assume t h a t  i n  t h i s  process you have t o  use wave lengths  or  
photon energies t h a t  are capable of breaking the organo-metall ic bond. 
Does tha t  mean you have t o  choose se lec ted  wave lengths  fo r  your l a se r?  
It i s  not a thermal process t h a t  i s  breaking the  bond and f ree ing  the 
metal, it: is a photo ly t ic  process. So you must choose wave lengths,  
pa r t i cu la r  wave lengths ,  for  d i f f e ren t  compounds? 
DUTTA: A l l  of the UV wave lengths  w i l l  do it ,  some more e f f e c t i v e l y  than 
others.  
ZWERDLlNG: You're r a i s i n g  the v ibra t iona l  energy, or the  e l ec t ron ic  state,  t o  
such a point t h a t  the  v ibra t ions  w i l l  tear the  molecules apar t .  
DUTTA: That's correct .  
LANDEL: You point out t ha t  one of thz advantages of t h i s  was the  p o s s i b i l i t y  
of having cleaner f i l m .  
are cleaner  f i l m o ,  than by some other  technique? It is a reasonable 
supposit ion,  but then there  a re  always so many things t h a t  can go 
wrong. Is the supposit ion borne out i n  the product? 
Is there  any evidence on whether or not they 
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WTTA: I think so. 
any impuri t ies .  
The SEH pic tures  of the depos i ted  f i l m s  don't show 
It looks very clean, very uniform. 
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T W S P M E N T  CONDUCTIVE COATINGS 
IN84 21999 
S. Ashok 
The Pennsylvania State University 
University Park, PA 16802 
Materials with electrical conductivity and optical transparency are 
highly desirable in many optoelectronic applications including photovoltaics. 
Ultra-thin, semitransparent metal films have served the purpose in some situ- 
ations but they suffer from a number of problems which seriously limit the 
performance of the resulting devices. 
semiconductors 
better performance tradeoff in optoelectronics as well as better mechanical 
and chemical stability. These thin-film "transparent conductors" (TC) are 
essentially wide-bandgap ( = 3 . 5  eV) degenerate semiconductors - invariably 
n-type -.and hence are transparent to sub-bandgap (visible) radiation while 
affording high electrical conductivity due to the large free electron 
cancentration (up to 1021 cm-13). 
In contrast, certain binary oxide 
such as tin oxide (Sn02) and indium oxide (InzO3) offer much 
The principal performance characteristics of TC's are, of course, elec- 
trical conductivity u and optical transmission T, but a suitable figure of 
merit $TC for TC's has been shown to be the ratio TIO/Rs, where Rs is the 
sheet resistance of the TC[1,2]. It is found that +TC is much higher for 
the oxide semiconductors than the corresponding value for thin metal films. 
The TC's also have a refractive index of around 2.0 and hence act as very 
efficient antireflection (AR) coatings. For using TC's in surface barrier 
solar cells, the photovoltaic barrier is of utmost importance and so the 
work function or electron affinity of the TC is also a very important 
material parameter. 
A large number of processes are available for depositing TC thin films 
131, but f w  illustration the preparation of tin-doped indium oxide (1903: 
Sn) or the so-called indium-tin oxide (ITO) by a simple spray pyrolysis 
proces: and its use in fabricating an efficient surface barrier solar cell 
on silicon will be discussed at length /4 ] .  
mance of the cell is strongly dependent on IT0 preparation conditions, sili- 
eon .surface 
interface. 
It is found that the perfor- 
preparation and the nature of carrier transport across the 
The method of deposition used for preparing the TC/Si surface barrier 
cell has drastic consequences on the photovoltaic barrier region arid hence 
on the cell efficiency. 
forms abarrier (and hence a good solar cell) on p-type Si, while spray and 
vacuum evaporation processes yield efficient cells on-n-type Si [SI. It 
has also been found that the angle of deposition of SnO2.has a -trong 
bearing on the efficiency of the resulting SnOz/n-Si solar cell [ 6 ] .  
larly thermal annealing can also affe-: both the bulk and interfacial proper- 
ties of these TC's. 
To take an extreme example, ion-beam deposited IT0 
Simi- 
Thermal [7] as well as photon [7,8] induced stresses can degrade t h e  
c h a r a c t e r i s t i c s  of  s o l a r  ce l l s  by reducing t h e  open-c i rcu i t  vo l tage  Voc,  
s h o r t - c i r c u i t  c u r r e n t  d e n s i t y  JOC as well as t h e  f i l l  f a c t o r  FF. Much 
f u r t h e r  s tudy  is needed i n  t h i s  c r u c i a l  a r e a  o f  environmental s t a b i l i t y .  
A number of  problems remain unresolved i n  t h e  f i e l d  o f  t r a n s p a r e n t  
conductors,  inc luding  such b a s i c  ones as t h e  r o l e  o f  t h e  'dopant ' .  Easy 
a s  t h e  p r e p a r a t i o n  o f  t h e s e  TC's i s ,  comparing films prepared by d i f f e r e n t  
techniques under d i f f e r e n t  condi t ions  i s  o f t e n  d i f f i c u l t ,  r e q u i r i n g  thorough 
mater ia l  c h a r a c t e r i z a t i o n .  In terms of f a b r i c a t i n g  h ighly  e f f ic ien t  s u r f a c e  
b a r r i e r  s o l a r  ce l l s ,  it may be convenient t o  a l t e r  t h e  absorber  semicon- 
duc tor  ( s u b s t r a t e )  surface by shallow i o n  implanta t ion  as done f o r  metal- 
semiconductor Schottky b a r r i e r s  [9]. With f u r t h e r  a p p l i c a t i o n s  i n  optoelec-  
t r o n i c  d e t e c t o r s ,  and imaging devices ,  t h e r e  i s  c u r r e n t l y  a g r e a t  deal  o f  
i n t e r e s t  i n  t h i s  f i e l d  and numerous s t u d i e s  are i n  progress  f o r  improving 
t h e  q u a l i t y  and c o n t r o l l a b i l i t y  o f  t h e  films, as well as b a s i c  understanding 
o f  t h i s  c l a s s  and materials. 
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1. INTRODUCTION 
2. PROPERTIES OF TRANSPARENT CONDUCTORS(TC) 
3.  TC's IN SURFACE BARRIER SOLAR CELLS - SPRAY ITO/N-SI 
SOLAR CELL 
4. INFLUENCE OF DEPOSITION CONDITIONS ON SOLAR CELL 
CHARACTER I ST I CS 
5. STABIL ITY  AND AGING OF TC's I N  SOLAR CELLS 
6. FUTURE DIRECTIONS AND PROBLEfl AREAS 
Transparent Conducting Films 
DEFN. - VISIBLE TRANSPARENCY AND ELEC. CONDUCTIVITY. 
CURRENT INTEREST - PHOTOVOLTAICS. SOLAR THERHAL. OPTOELECTRONICS. 
PARAMETERS - TRANSMISSION 1. CONDUCTIVITY 6 
H I  S T O R  l C A L  - COO( 19071, AIRCRAFT WINDSHIELD DE I C I N G (  1 w ' S  1 ,  
NESA GLASS. 
APPL I C A T  IONS - TRANSPARENT HEATERS 
D i SPLAYS AND IMAGERS 
HEAT MIRRORS( I R  REFLECTORS) 
ANTISTATIC AND SCRATCH-RESI STAIJT COATINGS 
ELECTROCHEM ICAL STUD I ES 
TRANSPARENT SUBSTRATES 
PROPERTIES - ELECTRICAL RESISTIVITY 
OPTICAL TRANSMISSION V S .  A 
ENVIRONMENTAL AND LIFE STABILITY 
CHEMICAL NATURE, STRUCTURE AND MORPHOLOGY 
CHEMICAL RESISTANCE AND ETCHABILITY 
INTERFACIAL ANC BULK PROP.(WORK FUNCTION. 
RETHOD OF DEPOSITION 
ENERGY GAP.. . .) 
TYPES - 1. ULTRA-THIN METALS( 50 8) - Au.PT.CU.PG.. . 
2 .  WIDE-BANDGAP DEGENERATE SEMICONDUCTORS - 
OXIDE SEMICONDUCTORS - SN02 .  IN203,CDO. 
ZNO . C D ~ S H O Q  , . 
(DOPED OR UNDOPED) 
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Thin Metal Films 
VACUUM E V A P O R A T I O N  AND S P U T T E R I N G  - P R O P E R T I E S  DEPEND ON 
F I L M  N U C L E A T I O N  AND COELESCENCE, 
A.  DISCONTINUOUS FILMS - ISLAND STRUCTURE - Low , 
L I G H T  SCATTER. A C T I V A T E D  CONDUCTION. 
8, r O N T l * ~ U O U S  FILMS - S I Z E  EFFECT.  EXCESS I t l P U R I T I E S .  
I N S U L A T I N G  PHASES, 
C ,  N U C L E A T I O N - M O D I F Y I N G  L A Y E R S  - EG.: Bl203 MAKFS 
AU F I L M  MORE CONDUCTIVE.  
Semiconducting Oxide Films 
- NO r r U C L E A T l O N  PROBLEM DUE T O  CHEMICAL BONDING A T  SURFACE. 
- CONDUCTION MECHANISM DIFFERENT FROM THAT OF M E T A L .  
- ALL N-TYPE SEMICONDUCTORS. 
A, BINARY O X I D E S  - A N I O N - D E F I C I E N T  (OXYGEN VACANCY)  
ELECTRON CONC. = 1017-1021 CM-3  
RELATIVELY EASY TO O X I D I Z E  OR REDUCE. 
B.  DOPED O X I D E S  - S U B S T I T U T I O N A L  C A T I O N S  OF H I G H E R  
VALENCY.OR A N I O N S  OF LOWER 
VALENCYCEG. : l N $ 3 : s N , s N o 2 : F ) .  
OF S U B S T I T U T I O N A L  C A T I O N .  
- NO COMPOUND OR S O L I D  S O L U T I O N  
- C A R R I E R  SCATTERING;  
a 
IDEAL TRANSPARENT EONDUCTOR(TC 1 LOU ME. 
I N S B :  HE = 0.013 ME. SO Rs= O.SJVSOUARE 8 T 4 S X  
FOR 2 p M  F I L M  DOPED TO 1@19CM-3. 
- BUT BANDGAP EG = 0.17 E V .  Too LOW: 
BANDGAP REQUIREMENT - 
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o!uaNaL PA= a 
of POOR QU#%!T?r 
Methods of Preparat3n of Transparent Conductors 
!. 
2.  
3.  
4. 
5 .  
6 ,  
7 .  
VACUUM EVAPORATION 
R E A C T  I VE EVAPORATION 
EVAPORATION AND OX I DAT I ON 
CPUTTERING - Dc. RF. ION-BEAM 
R E A C T I V E  SPUTTERING 
CHEMICAL VAPOR. D E P O S I T I O N  
SPRAY HYDROLYS 1 s 
Oxide Semiconductors: Properties of Interest in Solar Cells 
O X I D E  SEMlCONDUCTORS - P R O P E R T I E S  OF INTEREST I N  SOLAR CELLS 
1. 
2.  
3 .  
4 .  
5 .  
7.  
0 .  
WORK F U N C T I O N  OR ELECTRON A F F I N I T Y  - H I G H  FOR N-TYPE 
ABSORBERS, L O U  FOR P-TYPE ABSORBERS. 
WIDE BANDGAP ( 3 EV) , 
Low ELEC, RESISTIVITY (SHEET RES. 10 OHHS/SC~UARE). 
HIGH O P T I C A L  TRANSHI  SSION.  
I N T E R F A C I A L  MATCHING. A B S I N C E  OF SURFACE DAMAGE, 
ENVIRONMENTAL AND L I F E  S T A B I L I T Y .  
REFRACTIVE INDEX. 
FUNCTIONS OF O X I D E  SEMICONDUCTORS I N  SURFACE B A R R I E R  C E L L S -  
A .  FORMATION OF PHOTOVOLTAIC B A R R I E R  
B. PHOTOCURRENT C O L L E C T I O N  
C. LOW-PESISTANCE FRONT CONTACT R E G I O N  
D. O P T I C A L L Y  TRANSPARENT WINDOW 
E ,  A N T I R E F L E C T I O N  ( A R )  COATING 
PROPERTIES OF 1NPORTANT O X I D E  SEHICONDUCTORS- 
33Y 
OkiGINAL PAGC 58 
OF POOR QUALITY 
Fig. of Merit for Transparent Conductors 
3 c. 
-a 
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34 1 
C - V  BATA 
34 2 
34 3 
FEATURES -
LIMITATIONS - 
Surface Barrier Solar Cells 
1. S IMPLE FABRICATION 
2. LOW TEMP. PROCESSING. SO 
NO M l N .  CARRIER L I F E T I M E  DEGRADARATION 
(SINGLE XTAL) 
NO GRAIN BOUNDARY D I F F U S I O N  (FOLV) 
NO DECOMPOSITION (AMORPHOUS) 
3. BETTER BLUE RESPONSE TWAN p- . i  HOMOJUNCTION 
4.  USEFUL FOR ASSESSING NEW PHOTOVOLTAIC 
ABSORBER MATERIALS 
1. Low Voc - THERMIONIC EMISSION OR ~ U L T I - S T E P  
TUNNELING. 
2. SHEET RESISTANCE/TRANSPAR€NCV TRADEOF F 
(Jsc V s .  FF TRADE-OFF) 
3. STABILITV AND AGINC- OF THIN FILMS. 
4. POSSIBLE PH’VOGENERATED M I N O R I T V  CARRIER 
LOSS THROUGH INTERFACE TRAPS) 
Spray Pyrolysis System 
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MIS 
n - Si  
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IT0 Resistivity as a Function of Chemical Composition 
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IT0 Optical & Electrical Characteristics 
1. ALLOY CO)IPOSITION CHOSE14 FOR BEST OPTICAL TRAIISnISSlOtl, 
LOWEST ELECTRICAL RESISTANCE, AND BEST PHOTOVOLTAlC RESPONSE. 
2. IT0 BANDGAP I N  THE RANGE 3.2 - 3.45 EV FOR VARYING CO14poSITION. 
3. ELECTllON AICROGRAPH SHONS POLYCRYSTALLINE FILH WITH 
400-1000 A GRIINS. 
4. SPRAY IT0 FORMS BARRIER CONTACT WITH I - M P E  SI MD OHMC 
CONTACT WITH ?-TYPE SI. 
IT0 - SiO, - n-Si SIS Solar Cell 
* I l O  
v*c = 0.52v 
J, = 3J.!imA/cm* 
40r FF = 0.70 
9 
n-S? 
VOLTAGE ( V I  
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Best Reported Performance of IT0 - n-Si & Sn02 - n-Si Cells 
(SPRAY PROCESS) 
E F f  I C  IENCY(%)  
CELL TYPE.  Jsc(~A/cn 2 1 V o c ( V )  FF 
I TO/N-S~ 30.2 0.626 0.73 13,7 
(SINGLE XTAL S I )  
SNOz/N-SI 29.1 0.615 0.615 12.3 
(SINGLE XTAL S I )  
1 To/N-S I 23.8 0,557 0.67 1 1 . 2  
( W A C K E R  POLY SI 
S N 0 2 l N - S  I 26.6 0.56 0.68 10.1 
( W A C K E R  POLY S I )  
IT0 - Si Heterojunction Anomaly 
SPRAY OR ELECTRON-BEAM EVAPORATED IT0 - 
R E C T I F Y I N G  JUNCTION ON N - S I  (SOLAR CELL) 
OHMIC CONTACT (Low B A R R I E R )  ON P-SI  
ION-BEAM SPUTTERED IT0 - 
RECTIFYING JUNCTION ON P - S I  (SOLAR CELL) 
OHMIC CONTACT (Low BARRIER) ON N-SI 
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ORIGINAL PAGE !S 
OF POOR QdALln 
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I I I I I I I 1 
R (p-ion etch) 
R b n o  etch) 
353 
CRIGli-iXi PAGE 13 
OF POC'R QUALITY 
I DARK I - V  1 C H A R A C T E R I S T I C S  1 
1 
I .I m ,  
0.0 0.2 0.4 0.6 0.8 
FORWARD B I A S  [VOLTS] 
YULTI - S T E P  
TUNNELING 
PI NOR I T Y  
INJECT ION 
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Angle-of -Incidence Dependence of 
Electron-Beam-Deposited SnO2 - n-Si Cells 
ANGLE OF INCIDENCE d ( D E G R E E S '  
Re+ . Cc3 
355 
35tl 
ORfGlEiAL FAeS is 
OF PGOR QUALITY 
Light-Induced Degradation of Spray SnO2 - n-Si Cells 
CHANGE I N  DARK 1-v CHRCS. DUE TO L I G H T  
PECHANISM - CHARGE TRAPPING A'T Si/SrO; INTERFACE WITH 
RESULTANT CHANGE I N  BARRILA HEIGHT. 
DUE TO ULTRA-VIOLET COMPONENT. 
%- [a3 
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Thermal Degradation of Spray SnO2 - n-Si Cells 
PCTIVATION ENERGY PLOT 
UY C83 
" 0 L I . U  . 
D A R K  1-v DEGRADATION UlTH PROGRESSIVE HEATING IN AIR 
A T  3jtO I: 
Surface Barrier Height Control 
BARRIER HEIGHT ENHANCEKENT BY V E R Y  SHALLOW ION 
IMPLANT. 
d 5 3  - 150 A PROJECTED RANGE 
I O N  ENERGY 5 - IS KEV ION DOSE 1012-1013 c M - 2  
IfiPLANT ION 'YPE - OPPOSITE TO SUBSTRATE CO*DUCTIVITY TVPE 
(DONOR FOR P-SUBSTRATE .ACCEPTOR FOR 
N-SUBSTRATE). WITH LOW CIFFbSION CONST. 
METAL 
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Barrier Height Change vs Shallow Implant Dose 
Problem Areas 
1. R O L E  OF -DOPANTS- 
?. INFLUENCE OF D E P O S I T I O N  COKDIT IONS ON ELEC. INTERFACE 
3. CONTQOL OF PARAMETERS 
4 .  CRITERIA FOR COMPARING F I L ~ S  PREPARED R Y  D I F F E R E N T  T, H ~ ~ I J U E S  
5 .  FURHTER AGING AND INTERFACE S T A B I L I T Y  ST’JDIES 
6. AMORPHOUS TRANSPARENT CONDUCTORS 7 
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DISCUSSION 
WOLF: When you l is t  E, the  transmission f ac to r  E, i s  t h a t  purely due to  
absorption or does tha t  s t i l l  include r e f l e c t i o n ?  
ASHOK: That is due t o  absorption. 
WOLF: Then i t  must be thickness  dependent. 
ASHOK: Yes, but we have t o  have--in order t o  have a good AR coat ing,  you have 
t o  have about 1000 Angstroms. I f  you make i t  too thick,  then it is 
going t o  increase even more. 
SOMBERG: Have you have done any work with dual AR using a t ransparent  
conductor? 
ASHOK: No, I am not  aware of any. The two d i f f e r e n t  t ransparent  conductors 
have been t r i e d  for  a d i f f e r e n t  reason. One is used t o  form a good 
b a r r i e r  and the  o ther  one t o  reduce sur face  r e f l ec t ion .  
SONBERG: I am j u s t  t a lk ing  about optimizing the  a n t i r e f l e c t i o n  b a r r i e r s .  
The ozher question is ,  why do you say you have t o  have a 1000-Angstrom- 
th ick  layer f o r  a good AR, r a the r  than something around 600 t o  800 
Angstroms? 
ASHOK: It w a s  a round f igure.  I j u s t  rounded it off without giving an exact 
f igure.  
GALLAGHER: In your znhanced work function graph, you &owed work funct ions 
going up i n  the  7 t o  8 region. 
almost the same, what measurable VW?: d id  you get  i n  those devices? 
Since the  work funct ion and the  VQC is 
ASHOK: With the l a s t  viewgraph? 
GALLAGHER: Yes. 
ASHOK: I showed the change i n  the work function. 
GALLAGHER: YOU got up t o  0.7 -- 
ASHOK: It i s  not the work function. It i s  the  body b a r r i e r  height .  
GALLAGHER: Oh, i t ' s  the b a r r i e r  height ,  excuse m e ,  I misunderstood. 
WONG: I have a question on the f luor ina ted  t i n  oxide. What kind of a 
conductor mechanism does f luor ina ted  t i n  oxide u t i l i z e ?  
ASHOK: Well, i t  i s  similar t o  the o ther  cases.  
WOW: The reason I am asking t h i s  question is  because t i n  oxide is n-type. 
The ava i l ab le  The conductor: mechanism is by oxygen vacancies,  r i g h t ?  
oxygen vacancies? 
ac tua l ly  occupying an ion vacancy r a t h e r  than giving up an ion vacancy. 
By a d d k g  f luor ine  atoms -- f luor ine  i s  -1 -- you a re  
35 1 
So actually I am thinking the opposite way -- so that you lose the 
conductivity that way. 
ASHOK: No. It substitutes for an oxygen site. 
W O E :  Would the fluorine ion go into the oxygen vacancy? Because there is 
already oxygen vacancy there. 
vacancy, and energetically is more favorable, so I would see the 
opposite mechcnism going on. 
but this is what I naively see. 
So very easily it will go to the oxygen 
I know there is a more complicated answer 
ASHOK: I am not sure of the exact answer for that. 
HOGAN: The light-and-temperature-induced changes -- are those independent of 
the method of the I T 0  fabrication? 
ASHOK: Well, this one is on the straightforward system. I would think they 
would be comparable. 
FIRESTER: Typically, for example, the sputtered IT0 is unstable above the 
temperature in which it is sputtered. The resistivity goes up, 
depending on what the sputter temperature is. 
WOLF: The substrate temperature? 
FIRESTER: ies. 
QUESTION: What about light-intensity changes? 
ASHOR: That is only to the interfaces. It is not to the bulk, I don't 
think. 
interface. 
It is to the silicon-Sn02 interface. It changes at the 
XOGAN: So that should be independent of the method of deposition? 
XSHOK: I would think so, yes. 
STEIN: There is another method of deposition that we have used, not for this 
purpose, but we make a metallo-organic composition that gives an IT0 
film. When printed and fired at between 550° and 6OO0C, the light 
transparency or transmission is higher than you hhve indicated in some 
cf the films you have described. 
resistivity is not as low; sheet resistivity is in the order of 1000 
ohms per square. 
get much lower than 40,  or 50@--it's a function of firing temperature. 
The stability of these films is good to about 5OO0C, which more or 
less coincides with whtt our friend has said. They are sensitive to 
moistuse. I don't know if the 3diiie is ,rue in some of the films that 
you have described. The resistivity tends to increase with higher 
relative hmidity, and it can be dried out and decreased. It seems to 
be reasonably reversible. 
We have seen greater than 95%. The 
You can modify that upward by quite a bit. You can't 
' i 2 :  
6 .  
?.et me ask a general question. Where do you think this technology 
1 3  challenge our standard systems? 
~.iriency, or what do you think? Anyone can answer that. 
Will it be costly, will it 
36 2 
ASHOK: Well, I think they are comparing two different things. If the 
efficiency can be boosted up, it obviously can be done when the 
open-circuit voltage problem can be handled separately by means of the 
surface treatment of silicon. But the material has to be grown with 
better transmission characteristics. But there is an interim tradec.ff 
as we increase the conductivity. The plasma edge moves closer to the 
silicon band gap, and the plasma frequency increases as the electron 
concentration goes up. But if material can be developed with 
transmission in the range of 9@%, in the range of interest, then it can 
be useful. 
BURGER: What likelihood is there that you may turn up with newer or better 
transparent conductive coatings along the lines that you have been 
investigating? In other words, how broad could the field be, or is it a 
limited set of combinations and permutations? 
ASHOK: Unfortunately, much of the information available in this whole field 
is still empirical. I think, in terms of understanding of the 
materials, it is comparable to amorphous silicon; probably amorphous 
silicon is better. 
BURGER: I have on2 a-rdi'-.ional question. You mentioned that there was an 
optimal doping. Hclw sensitive is that? I mean, is that a very narrow 
window or is it eas-r to achieve? 
ASHOK: It can be easily achieved. It is not a problem. 
SCHRODER: Who of the solar-cell manufacturers is using this technology? 
ASHOK: For a Froduction device? 
SCHRODER: Yes, or some serious research. 
ASHOK: I don't think anyone is using a pilot line, Lut at Exxon they have 
used it in their research. 
FIRESTER: Photon Power is selling tin-oxide-coated glass, which is the first 
layer in their glass-tin-oxide CdS. 
SCHWUTTKE: These are the 2% cr 3% efficiency cells? 
FIRESTER: I don't know what the efficiency is. 
SCHRODER: Exxon is using it at least in RCD, and that is it. Are other 
companies that you are aware of? 
ASHOK: I am talking about usi . ' ?  jn single-crystal silicon. But as a thin 
film substrate, it is used. 
SCHRODER: I am not talking about that. 
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A METALLIZATION SYSTEM FOR THIN-FILM 
PHOTOVOLTAIC MODULES 
A.H. FIRESTER 
RCA LABORATORIES 
PRINCETON, NEW JERSEY 
Large-Area Cell Losses 
T I 
LOSS =2L BUS SHADOW 
W 
E 
+ -  0 GRID SHADOW 
i 
BusBar Losses 
F B = +  1 i R, + Lz 
3 v  
PRECEDIXG PAGE BLANK NOT FTLLMF,D 
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Large-Area Cell Module Loss: Thick-Film Metallization 
ALUMINUM: 10 MICRCMETER THICK; 2 , 8  -:.-cM 
( 7  = 12%) J = 15 nA/cn 2 v = suo MV 
R~~~ = 10 /J R~ = a B  = ,0028 .I' 
3 = 100 ? l l C R O P l E T E R  G = 1 MlLLlMETER 
3 3 6 10 
L (CY) 3 10 10 10 
S (CM) , I  . 7  - 6  . 3  
w (4) I 38 1.3 2.5 4.2 
1 L O S S E S  - G R I D  SHADOW 1 , 4  1 . 4  1.7 2 , o  
OWIC .3 . 3  .9 2 , 2  
c TO - 8  .a .6 . 4  
BUSBAR 2 , s  8.4 8.4 8,4 
GAP _13 u 19 19 
TOTAL 8.3 11.9 12.6 14 .0  
- 7 A(; ., - . ~ : c ' I s  A ( C H I  r 
Large-Area Cell Module Loss: Thin-Film Metallization 
ALUMINUM: 1 MICROMETER THICK; 2 . 8  U ~ - C M  
J = 15 M A / C M ~  v = 805 MV 
R~~~ = 10 R~ = R~ = 0.026 QP 
( n  = 12%) 
D = 1oc MICROMETER G = 1 M I L L I M E T E R  
D l M E N S l O N S  w (CM) 2 2 4 
L (CM) 2 5 5 
S (CM) .7 ,7  , 4  
H (MM) $53 1.3 2.6 
L O S S E S  - G R I D  SHAD3W 1.4 1 , 4  2 . 5  
O M I C  1.2 1.2 2 .8  
CTO . 8  .a . 3  
BUSBAR 5 .3  13.2 13,2 
GAP a _ Z p  19 
TOTAL 1 3 , 7  18.6 20,8 
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DI SCUSS ION 
QUESTION: You have sho-m a series-connected 240-cells span here. 
those cells gets open-circuited, how do you plan to protect them with 
bypass diodes and how do you plan to connect those bypassed cells on the 
panel? 
If one of 
FIRESTER: I don’t want tL go into detail on that. That is the same nroblem 
you would have with any large panel, the difference being of course that 
here you have made it all at once; you can’t throw a f e w  cells away or 
strips away. Opens, by the way, are not a major problem as far as we 
can tell here. You have an option of doing bypass diodes and everything 
else, and that is independent of the panel structure. You would have to 
do that with anything else -- any other cell. Have I answered you? 
COMNENI. I am nJf sure. You still need to need to make some physical 
cannections with those diodes, and you need some metallization for that. 
FIRESTER: Yes, you can make physical contact--the integrated circuit industry 
does it all the time, i: thin films. That’s not really a problem. 
BiP”SR: Actilally, our own view of it is that a structure like this can be 
looked at as being bulls;-proof. I think you could shoot holes through 
the panel and it would still work, if you really look at what you have, 
because we have looked at other similar kinds of things from Japan. 
”TRESTER: I would like to just balance the two. I am glad to hear that. The 
only catastrophic thing, though, is an open, and then it would really 
have to be an open across the entire line -- two feet. 
GALLAGHER: Two feet worth of open. Remember that. 
FIRESTER: The two-foot dimension is limited if you think about it by the 
series resistance of the metallization. 
QUESTION: What sort of transmission characteristics do you get? 
FIRESTER: It is greater than 90%. This gets you into an area where you have 
t o  think about one thin-film system versus another in process 
compatibility. 
reactively sputtered indium tin oxide. 
attained with chlorinated tin eixide. 
and whether your material is underneath or on top; wherever you put it 
is compatible to the process of making it. 
For example, that kind of number can be attained with 
That kind of nmber can be 
It is a question of when you do it 
SCHWUTTKE: Have you looked at any other systems? 
FIRESTER: No. 
SCHWUlTKE: Have you made any large-area junction cells? 
FIRESTER: I am not sure I understand. 
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SCHWUTTKE: Where you make, say,  a 50 x SO s h e e t  of s i l i c o n ,  can you make a 
j u n c t i o n  over t h a t  a r ea?  
FIRESTER: Yes, but then you c a n ' t  ge t  t h e  :urrent out .  
SCHWUTTKE: OK. So does t h a t  mean you c a n ' t  handle those  a r e a s ?  
FIRESTER: No. It doesn ' t .  What you have t o  do i s  j u s t  p l ay  some funny games, 
forming i s o l a t e d  pockets i n  your s i n g l e - c r y s t a l ,  o r  e s s e n t i a l l y  g e t t i n g  
i t  onto an i n s u l a t e d  s u b s t r a t e .  
SCHWUTTKE: Is t h i s  t h i n  f i l m  t h e  whole me ta l lu rgy?  
FIRESTE?: The whole metal lurgy he re  i s  t h i n  f i l m ,  and y e t  i f  you go t o  the  
numbers you f i n d  you don ' t  have any problems of c u r r e n t  crowding o r  
c u r r e n t  d e n s i t i e s  a lone.  
BLAKE: This may be a completely absurd ques t ion ,  but  I am worried about 
shadowed c e l l s .  In p a r t i c u l a r ,  shadows t h a t  would be long and t h i n  -- 
pawer l i n e s  would be one example. Is t h e r e  a r e a l  problem h e r e  o r  n o t ?  
FIRESTER: Well, i t  i s  a rea; c o n s t r a i n t  t h a t  you want t o  o r i e n t  t h e s e  panels  
I t h i n k  t h e  more s e r i o u s  ques t ion  t h a t  
o r  any o t h e r  panels  where you have shadowing t h a t  could wipe ou t  a whole 
in t e rconnec t  i n  a s e r i e s  a r r ay .  
I a m  concerned about ,  by the way, i s  not  t h e  s i t e  shadowing, but  t h e  
panel-to-panel shadowing i n  a r r a y s ,  and t h a t  s i m p l y  says g e t  t h e  l i n e s  
running v e r t i c a l l y  and then t h e r e  i s  no problem. 
WEAVER: This is  the  kind of a t h i n g  we haven ' t  even t a l k e d  about ,  but  I have 
done some looking a t  rows of t h i n g : ,  and t h e r e  is  a d i f f u s e  sky 
componznt; tne bottom of one r r w  is  looking a t  t h e  back of t h e  row i n  
f r o n t  of i t ,  y e t  the top of t h a t  row i s  not  looki9g a t  i t .  It sees t h e  
e n t i r e  d i f f u s e j  sky and w e  have foucd, e s p e c i a l l y  i n  w i n t e r ,  a t  t h e  
optimum t i l t  ang le ,  a s  much as 127 d i f f e r e n c e  i n  i r r a d i a n c e  from t h e  top  
t o  the  bottom of the  module. So T t h i n k  you had b e t t e r  be very c a r e f u l  
about which way you want t o  run the  s t r i p s .  I f   yo^ run them v e r t i c a l l y  
-- are  you say ing  you are collecting c u r r e n t  t h i s  way? 
FIRESTER: No. 
WEAVER: O r  a r e  you c 3 l l e c t i n g  no r iLon ta l ly?  
FIRESTER: The c u r r e n t  is flowing as a shee t  from s t r i p  t o  s t r i p  and i f  you 
shadow i t  1 a t e L a l l y  along perpendicular  t o  t h e  s t r i p s  t h e r e  i s  no 
problem. I f  y3u have uneven i l l u m i n a t i o n  t h e r e  i s  no problem. You can 
l i t e r a l l y  t ake  the  c e l l  and crack i t  i n  h a l f ,  and i t  s t i l l  works. Take 
these  th ings  and s c r a t c h  the  back and i t  i s  not  going t o  a f f e c t  i .5. 
WONC: You have bee11 g iv ing  examples  of amorphous s i l i c o n  c e l l  s t r u c t u r e  and 
rnonoli t h i c  conf igu ra t ion .  Is t h i s  t y p e  of c o n f i g u r a t i o n  s u i t s b l e  f o r  
high-current-densi ty  devices  t o o ?  
FIRESTER: Yes. 
WONG: Like copper :ndium d i s e l e n i d e ?  
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FIRESTER: Yes. I t h i n k  a more s e r i o u s  c o n s t r a i n t  you want t o  th ink  about i s  
t h e  s u r f a c e  -- of having the  m e t a l l i z a t i o n  systems going down on 
something t h a t  is  r e a l l y  not  smooth but  is p o l y c r y s t a l l i n e .  
have a coverage problem, or s t e p  coverage problem, i n t e r d i f f u s i o n ,  but 
t h e r e  i s  nothing t h a t  says i f  you cou ldn ' t  grow e p i  on g l a s s  or 
something t h a t  w e  wouldn't do t h i s  r i g h t  o f f  t h e  b a t  with s i l i c o n .  
Then you 
QUESTION: How do you c o n t r o l  t he  s e p a r a t i o n  of t h e  f i n a l  layer by usink t h e  
laser s c r i b e ,  and what is t h e  th i ckness  of t h a t  l ayer ,  fo r  example? How 
can w e  c o n t r o l  such a t h i n  l a y e r ,  and what kind of d i f f e r e n t  l a y e r s  do 
w e  have? 
FIRESTER: I d i d n ' t  want t o  ge t  i n t o  anything s p e c i f i c ,  or  what w e  are doing 
with amorphous, on t h a t .  That i s  why I s a i d  t h a t  I suspec t  t h e r e  a r e  
going t o  be a t  least two good i d e a s  on how t o  do t h i s  process ,  per  guy 
or  g a l ,  i n  t h e  room. Your obse rva t ion  is  c o r r e c t ,  though, i n  t h a t  t h e  
l a s t  s c r i b e ,  whether i t  is a s c r i b e  o r  whether i t  i s  a p r i n t i n g  coupled 
by a dry-etch o p e r a t i o n ,  cannot go a l l  t h e  way through. 
matter, i f  you t h i n k  about i t ,  whether i t  goes through t h e  c e l l  
s t r u c t u r e  or not. It cannot break up t h e  c o n t a c t  below, whether t h a t  i s  
the t r a n s p a r e n i  oxide or whether I hGve i n v e r t e d  t h e  whole s t r u c t u r e .  
It  doesn ' t  
WOLF: There a r e  some very a i c e  f a c t s  he re  of loss f o r  d i f f e r e n t  shee t  
r e s i s t a n c e s  of t r a n s p a r e n t  conductive c o a t i n g ,  and t h e  optimum spacing 
r e s u l t i n g  from i t .  Now t h e  t r anspa ren t  c o a t i n g s  on d i f f e r e n t  shee t  
r e s i s t a n c e  have d i f f e r e n t  abso rp t ion  l o s s e s .  So shou ldn ' t  t h a t  r e a l l y  
have been taken i n t o  account? 
FIRESTER: Yes. By no means d i d  I mean t o  suggest  that  t h e s e  were t r u e  optima; 
t h e r e  is  t h e  t ransmission loss. There is  a l s o  what I have l ea rned  
through FSA, you want t o  t h i n k  about t o t a l  c o s t  op t imiza t ion .  For 
example: p a t t e r n i n g ,  whether it is  laser s c r i b i n g  or photo l i f t ,  is  an 
expensive ope ra t ion .  You may choose t o  reduce t h e  number of  s t r i p s ,  
even though i t  i n c r e a s e s  the  phys ica l  l o s s .  
WOLF: You might even want t o  put f i n g e r s  over i t ,  aga in  normal t o  your 
s c r i b i n g ,  t o  g e t  a l a r g e r  spacing. 
FIRESTER: Well, I would be i n t e r e s t e d  i n  see ing  an o p t i m i z a t i o n  t h a t  g e t s  me  
t h a t  f a r .  
PROVANCE: Is t h e r e  any reason t h a t  a hybrid approach t o  thick-f i lm and 
th in - f i lm  could n c t  be used? 
FIRESTER: No, t h e r e  i s  no reason a t  a l l  why i t  c o u l d n ' t  be. I t h i n k  t h a t  
Matshuida i s  doing a screen-printed cad su lph ide ,  which I would c l a s s i f y  
as a thick-f i lm system t h a t  i s  p r e c i s e l y  t h a t  kind of an 
in t e rconnec t ion .  I th ink  the  po in t  t o  t h i n k  about i s  t h a t  i t  i s  
g r i d l e s s  and of uniform c u r r e n t  d e n s i t y .  
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'Ihc aim of tlic rcscarch discussed in this prcscntation is to cxplorc feasibility of a coppcr-base 
mctalli/.ation fo*. shallow-junction cclls applicd in flcxiblc solar arrays in spacc. This type of 
mctallization W I ! ~  rcducc uage of precious rnctals (such as silscr), increase case of bonding (by 
welding or by soldcring) and eliminate heavy high Z intcrconnect.. (such as molybdcnurn). The 
main points of concern in thc invcstigation arc stability against thcrmally induccd diffision of 
coppcr into silicon which causcs degradation of shallow ccll junctions, and low scrim rcsistancc af 
thc contact with scmiconductor which promotes ccll cffciency. 
A major Mcxiblc Solar Array 'kchnology dcvclopment program is currcntly in progrcss at 
I .uckhccd Missilcs and Spxc Company, Sunnyvalc. California. with a targct design incorporating 
scvcfal hundrcd thousands of individual largc area (5.9 by 5.9 cm) cclls (Fig. 1). attached to a 
Kapton printed circuit substratc by contact wclds between silver metalli/Aition and coppcr 
intcrconnccts as shown in Fig. 2. Both N and 1' contacts are lcxatcd an thc ccll back thanks to a 
diclwtric wriparound for the N tabs (the asscmbly shown in Fig. 2 has a portion of thc printcd 
circuit rcmovcd to put in cvidcncc thc configuration of the wraparound N contact). Typical 
stnictiirc of thc contact weld is shown in Fig. 3 in a cross scction madc at an anglc of 6" to thc 
samplc siirfacc in ordcr to incrciisc thc thickncss rcsolution by a factor of 10. ' h c  bond is a restilt 
of solid statc diffision between silvcr and coppcr arid consists of the two terminal solid solutions 
(Fig. 4). Mctallurgical q\iality and rcliability of thc attachment depcnd on controlling the welding 
rcxtion in a manncr to avoid gcncrating liquid phascs and outgassing from thc clcctroplatcd silvcr. 
An cxainplc of structural dcfccts cnuscd by thc lattcr is shown i n  Fig. 5. Substituting coppcr 
mctiilli~iition for thc silvcr onc will climinatc many wcld problcms since the bond will be madc 
bctwccn two pieces of the samc metal. 
'I'hc first ordcr conccrn in considering coppcr mctallimtion for solar cells is thc tcndciicy of thc 
mctal to diffiisc into silicon and dctcrioratc thc P/N junction. Conscqiicntly. an appropriatc 
diffusion barrier has to be found. Iron is a potcntinl cnndidatc bccausc: (1) its alloying afinity 
towards coppcr is cxtrcmcly limitcd bclow 700°C so that at tcmpcraturcs prcvailing in fabrication 
and scrvicc of thc solar arrays coppcr is csscntially insolublc in it (see Fig. 6): (2) it will not 
contarninatc the PIN junction whcn a silicidc contact is fonncd bccausc thc iron/silicon phascs (Fig. 
7) arc h m c d  by unilatcral diffusion of silicon into iron. 'The most scrious disadvantagc is high 
resistivity of thc iron silicides which poscs problcms of ohmic losscs in  an iron silicidc contact. 'Ihc 
data prcscntcd hcrc arc addrcssing only thc ability of iron to inhibit diffusion of coppcr into silicon: 
dcaliiig with thc high ohmic rcsistivity of thc contact is the subjcct of thc ncxt step of the 
invcstigiition. 
Expcrinicntal solar ccll substriitcs irscd in thc rcscarch arc singlc crystill P-silicon wafcrs with a 
0.2 pin dccp N +  diffiiscd laycr (-- IO2' cm'3 surface conccntration of phosphorus). Initially the 
contact mctallization was applied directly on the front ( N )  surfacc by vapor-dcpositing about 0.1 
pm of iron followcd hy 0.5 pm of coppcr. and rcacting the two laycrs bctwccn thcinselvcs and with 
the silicon at 600°C in vacuum for onc hour. 'I'hc rcactcd samplcs wcrc cross scctioned and 
cxamincd mctallo~rapliically to dctcrminc thc natiirc and extcnt of intcraction. Fig. 8 shows a 
typical structurc which discloses a non-unifonn dcfcctiirc intcrfacc bctwccn thc mctallization and the 
silicon. Mcasuremcnrs of scrics rcsistancc through the gcncratcd contact gavc values in the ordcr of 
203 to 300 Q. One probablc rcason for the high rcsiskincc is thc dcfcctiw mctallurgical stnicturc. 
Howcvcr, thc fact that thc shallow PIN junction showcd a rectifying diodc bchavior strongly 
suggcsts that diffusion of copper i n t o  it has bccn prcvcntcd. 
Improvcd unifomi bonds wcrc obtnincd intcrposing a vapor-dcpositcd laycr o f  amorphous 
silicon hctwccn the iron/coppcr metallization and thc substrate silicon. Fig. 9 chiiracterizcs th.: 
resulting rnicrostructurc in n 6* anglc cross scction. Fig. 10 is an cncrgy dispcrsivc scan of it. 1 .: 
bond of thc mctiillization to tlic silicon consists of an 0.5 pm thick Si/Fc/Cu alloy laycr. Since the 
total thickncss of combincd as-dcposixd a-silicon and iron laycrs is of thc same ordcr of magnitude, 
thc ainorphous silicon acts as it sacrificial reiictant in gcncrnting thc intcrt-icc whilc thc solar ccll 
niatcrial rcmains unnffcctcd. A heat trcatmcnt for additional 2 hours at 500°C lcavcs this stnicturc 
linchitngcd, as sccn in 1:ig. 11. It is. thcrcforc. cvidcnt that thc tcriiai'y alloy gcncratcd by iron in thc 
rcnction with a-silicon and coppcr docs indccd inhihit diffusion of coppcr into thc ccll substrate. 
'I'he main cxpcrimcntal difficulty in consistcntly rcproducing this rcsult lics i n  cnsiiring a dcfcct- 
frcc biirricr. Coppcr tcnds to sliortcircuit the P/N juiiction bv pcnctrating into tlic iindcrlying silicon 
through structriml impcrfcctions such as porcs or voids in thc tcrnai'y Inycr. Fig. 12 shows this cffcct 
in a samplc wiili 1-clatively fcw opcn diffusion patlis. Fig. 13. o n  tlic otlicr hand, documcnts a 
samplc with a hcavy dcfcct conccntri~tion: thc dcptli of pctlctriitioti is cmphasizcd i n  this casc by 
scctioniilg tlic sarnplc at ,in ;ingle o f  6" to thc surfxc. Within the singlc crystill silicon substratc thc 
diffusion procccds i n  tllc [ IOf)] dircctioii along (100) pliitlcs of thc ln~ticc wlicrc thc diStilllCC bctwccii 
atomic Inycrs is tlic m.lst fi~vori~hlc. 'I'lic rcsult are distiiict gcomctric rcgions of i1 solid solution, or a 
compound, the composition of wl:ich is dtxcumcntcd i n  1:ig. 14. 1;ig. I5 shows tlic analysis of thc 
Fc/Si/Cu intcrfiicc laycr wlicrc it is frcc of dcfccts and is cffcctivc in stopping the coppcr 
diffusion. 
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Thc invcstigation summarizcd abovc indicates thc mctallurgical potcntial of dcvcloping a 
coppcr-basc rnctallization for solar cclls using iron as a diffirsion inhibiting agcnt. Furthcr rcscarch 
will dctcrminc whcthcr this conccpt can also satisfy the rcquircmcnts of photovoltaic pcrfi)i*rnancc. 
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Figure 4. Energy-Dispersive SEM Analysis of Ag-Cu Contact Weld 
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Figurt 5. Defects in Ag-Cu Contact Weld (2OOX) 
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Figure 8. Cu-Fe Band to SingleCrystal Silicon (200x1 
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Figure 1 1. Energy-Dispersive SEM Analysis of 
Heat-Treated Cu-Fe-a-Si Bond 
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Figure 1 2. Cross Section of Defective Cu-Fe-a-Si Bond (5OOX) 
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Figure 1 3. 6-deg-Angle Cross Section of Defective 
Cu-Fe-a-Si Bond (500x1 
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DISCUSSION 
WONG: Those s o l i d  so lu t ions  or compounds, do you think they are formed during 
cooling due t o  p rec ip i t a t ion?  
LAVENDEL: That is a good question. Well, undoubtedly copper pene t ra tes  i n t o  
s i l i c o n  when you a r e  hea t ing  it. 
copper atoms wi th in  the s ing le-crys ta l  s i l i c o n  might change when you 
cool  down from your 6000 or 5000. 
shor t ,  by which I mean your cooling i s  probably h a l f  an hour or  
something. It might be t h a t  you mostly quench the  s i t u a t i o n  t h a t  arises 
a t  high temperature so by some kind of gross  approximation you might say 
t h a t  what you see ac tua l ly  happens a t  t i m e  of fusion. 
Probably the  d i s t r i b u t i o n  of t h e  
The t i m e  involved is  r a t h e r  
WONG: Did you happen t o  microprobe other  a reas  i n  the v i c i n i t y  of the  de fec t ?  
LAVENDEL: No, not  i n  the  immediate v i c in i ty .  It i s  the  pa t t e rn  t h a t  I ge t  
from the  te rnary  layer  -- I wouldn't say i n  the immediate v i c i n i t y  of 
t h a t  defec t ,  but where i t  does not seem have been penetrated by copper. 
WONG: It might be an i n t e r e s t i n g  point  t o  probe i n  thc v i c i n i t y  t o  see 
whether there  i s  a copper gradient .  
LAVENDEL: Let me go back. I f  I co r rec t ly  understand  yo^, you would l i k e  t o  
see what happens r i g h t  here .  
WONG: Yes. 
LAVENDEL: No. I d idn ' t  look a t  t h i s  area,  I e i t h e r  looked a t  areas l i k e  t h i s  
o r  smack r i g h t  i n  the  middle of these compounds or a l loys .  
there  i s  anything pecul iar  here  a+. the  in t e r f ace  between t h i s  and the 
layer  here  I don't  know. 
Whether 
WONG: Would you go t o  the following one, please? What I mean i s ,  i f  you probe 
from the copper perpendicularly up. 
LAVENDEL: Don't be fooled by the f a c t  t ha t  t h i s  i s  a very shallow sec t ion ,  so 
a c t u a l l y  what you are r e a l l y  looking a t  here  is  a sec t ion  t h a t  is  done 
t h i s  way. 
SCHWUTTKE: Do I understand t h a t  you have a bevel?  
LAVENDEL: That i s  r i g h t .  That i s  why you see t h i s ,  you see on t h i s  p i c tu re ,  
t h i s  copper-sil icon a l loy ,  both apparently i n  copper and i n  s i l i c o n ,  but  
a c t u a l l y  what yogi see here  i s  the cross  sec t ion  of a th ing  l i k e  t h a t  
t h a t  protrudes up and i t  seems t o  be about i n  the copper, and both i n  
the  copper and the  s i l i c o n .  
t h a t  you w i l l  see it  on both s ides  of the i n t e r n a l  b a r r r i e r .  
I f  you cross  sec t ion  it a t  a low angle l i k e  
PRYOR: On the  samples where you had minimal c o p p ~  penetrat ion or pinholes ,  
d id  you succeed i n  ge t t i ng  a low series r e s i s t ance?  
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UVENDEL: I don't  know, I d idn ' t  measure i t  yet .  This series of samples is 
r e l a t i v e l y  recent ,  and I r e a l l y  did not have tiate t o  get  t h a t  
measurement r e l i ab ly .  
I f  I don't  get  low series resistar-e, then we have an addi t iona l  
problem, - . ' i ch  mean. t h a t  I w i l l  accept t he  f a c t  t h a t  the  i ron  i s  r e a l l y  
e f f ec t ive  i n  stoppitkg the d i f fus ion ,  but I w i l l  have t o  worry about 
interposing something between t h a t  i r o n  layer  and the c e l l  i t s e l f  a t  the 
normal contact . 
I c e r t a i n l y  hope t o  ge t  it within a month o r  so. 
BLAKE: You use a layer  of amorphous s i l i c o n  as a s a c r i f i c i a l  layer ;  between 
the s i l i c o n  and the i ron  how th ick  was t h i s ,  and how was it  applied? 
LAVENDEL: It was applied by the decomposition of s i l ane .  
t h a t  layer was about ha l f  a micron. 
The thickness  of 
AMICK: Henry, i f  you put copper, now, i n  contact  with t h a t  top  surface and 
you w a i t ,  with t i m e  t he  chemical po ten t i a l  with the copper i n  the 
s i l i c o n  w i l l  be governed by the  chemical po ten t i a l  of the  copper in  the 
copper, w i l l  i t  not?  
p rec ip i t a t ing  i n  t t e  s i l i c o n ?  
Won't you always have the r i s k  of copper 
LAVENDEL: Yes, you are undoubtedly r l g h t .  However, our hea t  treatment of one 
hour a t  6000, and 2 hours a t  5000 add i t iona l  t o  t h a t ,  d id  not 
produce penetrat ion when the b a r r i e r  was good -- did not produce any 
measurable penetrat ion of copper i n t o  s i l i con .  I would say t h a t  i f  you 
operate your c e l l s  a t  temperatures of 150°C, 2OO0C, it w i l l  take 
centur ies  t o  ge t  there  by d i f fus ion .  
hope t o  achieve an idea l ,  completely impenetratable b a r r i e r ;  the 
d i f fus ion  w i l l  always go on. As Marc Nicolet  s a id ,  you have defec ts  i n  
your s t ruc tu res  always, vacancies,  g ra in  boundaries. I, a s  a matter of 
f a c t ,  am amazed t h a t  t ha t  ha l f  a micron of the ternary s tops the 
d i f fus ion  t o  t h a t  ex ten t .  
I don ' t  think t h a t  w e  can ever 
AMICK: Do I understand then from the  p i c tu re s  t h a t  you consume a l l  the copper 
t h a t  was o r ig ina l ly  on top? 
LAVENDEL: Oh, no, no, no. L e t  me go back t o  the p ic tures ,  t h i s  i s  pure 
copper. The whole layer  is  pure copper. This i s  the in te r face .  t h i s  is  
s i l i c o n ,  t h i s  i s  chemical po ten t i a l  of pure copper. 
WONG: I have another question, i f  you don't  mind. The p ic ture  you showed, 
the s i l i c i d e  a t  the in t e r f ace  -- the s i l i c i d e  forms cracks perrendicular 
t o  the i s t e r f a c e ;  do vou think t h i s  crack was formed due t o  the l a t t i c e  
mismatch or  due t o  t n e  thermal cycl ing? 
LAVENDEL: Thermal cycl ing,  I bel ieve.  
WONG: OK, i t  i s  not formed during formation, i n  otha,r words? 
LAVENDEL: I don't  think so. I cannot t e l l  you r e a l l y  t h a t  it i s n ' t ,  I j u s t  
don ' t  think so, it might be. There might be a contr ibut ion of t ha t  too. 
WONG: Amorphous s i l i c o n  a t  the in t e r f ace ,  how do you know it is amorphous? 
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LAVENDEL: By X-ray. 
AMICK: Henry, i n  t h i s  p i c tu re ,  is  tha t  s t i l l  f r ee  copper on the top sur face?  
LAVENDEL: Yes, t h i s  is  f r e e  copper, and a c t u a l l y  the  in t e r f ace  i s  somewhere 
here.  
STEIN: Could you please descr ibe your welding technique? 
LAVENDEL: I'm sor ry ,  i t  is propr ie ta ry .  I can only t e l l  you one thing,  t h a t  
it is  done by p a r a l l e l  gap welding and it is  very,  very c lose ly  
monitored by the  system -- by the  temperature i t s e l f ,  the  cycle  i t s e l f  
( the  temperature-time cycle) .  
set-up t h a t  LSMS developed. 
weld t h a t  I have shown you before is a t yp ica l  resul t  of t ha t  operat ion,  
so formation of the  e u t e c t i c  t he re  happens very,  very seldom and it 
happens only if t h e i r  equipment malfunctions. 
It is  very very c lose ly  monitored by a 
I, myself, know very l i t t l e  about it. The 
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SUMMARY AND CLOSING REMARKS b.&d 
GALLAGHER: Three days ago we started with this viewgraph, and now appears to 
be a good time LO review it in the light of our discussions of the 
various topicn investigated in this Forum. 
Project Constraints 
0 Economic 
Module $0.7O/watt 
- Metallization Variable 
0 Reliability 
Module 30 years 
- Metallization Compatible 
0 Eftkiency, NOC >11% 
Rather early in the presentations the interrelated requirements of cost, 
reliability and efficiency seemed to present an almost unattainable 
goal. As we progressed through discussions from our "snapshot" start we 
found that we were beginning to deviate from reaction modes and actually 
were spending more time on evaluating and researching processing 
mechanisms. We found, as it was so aptly put by Dr. Nicolet: "There '-8 
hope. 
We found that 14-plus-percent-efficient cells are routinely produced in 
manufacturing facilities; 16% and 17 % efficient cells are not unheard 
of. Truly, the efficiency goal is not er, impossible me. 
Module d?gradation under field conditions has shown several simultaneous 
degradation mechanisms with differentiated rates and performance 
implications. Those attributable to metallization system catalysis have 
proven not only to have long induction periods under field conditions 
but also to be metal-specific. 
accelerated testing matrices in the laboratory. Environmental test 
chambers capable of providing elevated temperatures, controlled high 
humidity, and intense ultraviolet radiation in the presence of 
accelerating voltages have been used to investigate and quantify these 
degradation mechanisms. Again: "There is hope." 
This has led to the development of 
In the overall area of cost, the relationship 3etween high efficiency 
and reliability is ever a concern. 
cell-fabrication cost allocation can go up (we use more money for the 
metallization process) and we can still meet our overall cost goals. 
The major concern in reaching these goals is not the material or the 
process used, but rather the actual attainable economies of scale in 
volume production. 
With high-efficiency cells our 
The yield figures used in SAMICS calculations are 
always suspect because they are volume projections. 
we don't really know what the costs actually are until real volume 
manufacturing cost figures, based on experience, are available. But: 
"There is hope." 
The end result is, 
We learned of advarced techniques that have changed processing 
limitations as we knew them when this Project started. These innovative 
techniques, combined with the new emerging knowledge about "old" 
metallization processing mechanisms, have pointed out many fruitful 
areas for tha investment of our research dollars. 
In closing this, the first Photovoltaic Hetallization Re-earc ",-rum, I 
wish to thank you for your attendance and participati.on, and c *te 1 
special thanks to Mary Phillips for her coordination activities .id o 
Dave Tustin for handling our conrmunications. 
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APPENDIX A 
CALCULATING SOLAR-CELL POWER LOSSES BY CBLCAL 
Dale R. Burger 
Jet Propulsion Laboratory 
Pasadena, CA 91109 
ABSTRACT 
Five d i f fe ren t  paver-loss phenomena are associated with the front-surface 
met&llic gr id  pat tern on photovoltaic ce l l s .  
each of these 1 .,.ses and t h e i r  t o t a l  for  any given choice of design input 
variablcs.  
optimization for  the chosen ce l l  geometry (c i rcu lar  or rectangular);  number 
of horizontal  bus bars (1, 2 or  3); and metal l izat ion process (defined by 
choice of input var iables) .  
The CELCAL program calculates  
Stepwise var ia t ion  of inputs by the designer allows grid-pattern 
The program uses a sect ional  integration approach w i t h  constant co l lec tor  
grid-line spacing and non-tapered orthogonal co l lec tor  gr id  l i nes  and bus 
bars. One data card is required for  each se t  of input var iables  and up t o  
100 data cards may be run i n  about 1.5 seconds of main-frame time. 
ou tpu t  l ists the value of each loss ,  t o t a l  losses,  and a l l  input data. 
The 
FORTRAN PROGRAM, CELCAL 
A FORTRAN V Program, CELCAL, calculates  paver losses  associated with f l a t -  
plate  p..c,tovoltaic c e l l  front-surface gr id  metall ization. CELCAL w a s  
or iginal ly  wri t ten t o  handle the tedious calculat ions required by c i r cu la r  
c e l l  design. 
of one, two o r  three bus bars. For simplicity,  the calculat ions a re  a l l  
done for  the f i r s t  quadrant of a c e l l  and multiplied by four except for  
bus-bar losses,  which a re  done for  a whole c e l l .  
to  calculate  one spec i f ic  c e l l  design's power lo s s  i s  input a s  design 
variables on a s ingle  data card, except for  the r e s i s t i v i t y  of the 
interconnect, which is fixed a t  the value for copper. 
is maintained by l i s t i n g  the input var iables ,  the calculated power losses  
and the i r  to ta l .  Five d i f f e ren t  power losses are considered: f ront  surface 
sheet resistance,  contact resistance,  co l lec tor  grid-line resis tance,  
bus-bar res is tance and shadowing. Derivations of these loss  factors ,  and 
the development of the program, a re  discussed below. 
Program capab i l i t i e s  now include rectangular c e l l s  and the use 
A l l  of the data necessary 
Design t r aceab i l i t y  
SHEET RESISTANCE 
An equation has been derived using sect ional  integrat ion €or sheet 
resistance losses (Reference 1).  The form of t h i s  equation tha t  is &sed is: 
2 3  
J P S S L  
AP = 12 
where 
2 J = current  densi ty ,  WIcm 
P = sheet r e s i s t i v i t y ,  G/O 
S 
S = co l l ec to r  grid-line spacing (center-to-center),  cm 
L co l l ec to r  gr id- l ine length,  cm 
The acronyms or symbols used i n  the CELCAL program fo r  the above equation 
are l i s t e d  and defined i n  Table 1 along v i t h  a l l  o ther  program var iab les .  
CONTACT RESISTANCE 
Contact-resistance losses  a re  inversely dependent 09 the  t o t a l  gr id- l ine 
length.  l ' h ~  equation used (Reference 2) is: 
where 
I = t o t a l  c e l l  cur ren t ,  A 
2 p~ = contact r e s i s t i v i t y ,  9-cm 
Ps = sheet r e s i s t i v i c y  under the g r id  l i n e ,  Q/o 
L = t o t a l  col1ec:or gr id- l ine length,  c't 
.ZOLLECTOR GRID LINE 
An equation has a l so  been derived for co l l ec to r  g r id  res i s tance  losses  
(Reference 1). The form of t h i s  equation t h a t  is used is: 
2 where J = current dens i ty ,  Wfcm 
Pm = co l l ec to r  gr id  metal bulk r e s i s t i v i t y ,  0-cm 
S = co l l ec to r  gr id- l ine spacing, C-C, cm 
L = co l l ec to r  gr id- l ine length,  cm 
W = width of co l l ec to r  gr id  l i n e ,  cm 
H = height of co l l ec to r  g r id  l i n e ,  cm 
A- 2 
Bus BAR 
Bus-bar losses can be calculated and s-d e x p l i c i t l y  for each se-nt 
between col lector  gr id  l iner  using the equations and tab les  developed fo r  
pa ra l l e l  bus bars of series interconnects. Since mst c e l l s  have a large 
number (>25) of co l lec tor  gr id  l i nes  per cell, the equation used is derived 
from tha t  used for  colleccor gr id  l ines:  an e f f ec t ive  l i n e  length of one 
th i rd  of tha t  of the bus bar is ucred. 
Resistance of the cambination of the bur-bar metal l izat ion and the attached 
interconnect i r  also calculated t o  allow for thickness and r e s i s t i v i t y  input 
variables.  
width d i f f e ren t  f r a  t ha t  of the bus bar. 
A simple program rodi f ica t ion  vould allim for an interconnect 
Shodow losses are d i r e c t l y  dependent on the shadow area. 
the most s igni f icant  105s i n  a properly made c e l l ;  therefore ,  most 
optimization e f f o r t s  are toward balancing shaflwing losses against  other 
losses .  
This is usually 
The CELCAL program is suaaarized in  a flow chart  (Figure 1). The prcgram 
uses the K index values to  branch for  rectangular or c i r cu la r  cells and to  
branc' again for shadow-area calculat ions of c i r cu la r  c e l l s .  Circular c e l l s  
require the calculat ion of each col lector  gr id  Line length and the  
par t i t ioning of each l i ne  and summation of the cubes of each segmmt. 
Rectangular c e l l s  may be handled by multiplying; however, the same SZM 
variable  names a re  still used €or later convenience in  calculat ion.  
PROGRAM LISTING 
A l i s t i n g  of the CELCAL program is sham i n  Figure 2. 
DATA SHEEL 
A copy of the data  sheet is presented i n  F i g m e  3. 
PROGRAM OUTPUT 
Figure 4 give.8 the outputs  obtained from entering the data from Figure 3. 
REFERENCES 
1. Carbajal, B.G., Texas Instruments, Inc., Quarterly R t  ' o r t  No. 3, 
DOE/JPL-954405-76/3, October 1976. 
2. Berger, H.H., Solid-state Science and Technology, J. Electrochem. 
Soc.,  pp. 507-514, April 1972. 
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Table 1. CELCAL Variables 
VARIABLE DEFINITION 
Ipss Variables 
PLSR 
P E R  
PLCG 
PLSH 
PLBB 
MTL 
Input Var tab les  
VPP 
REy)S 
RHm 
RHOC 
R 
S 
H 
wc 
WB 
T 
ETA 
SOL 
P 
sect res i s t ance  power loss, W 
Contact res i s tance  p w e r  loss, P 
Collector g r id  l i n e  power loss, W 
Shadoving power loss, W 
8us-bar power loss (includes intercon- 
nec t ) ,  W 
Total pouet loss, W 
Peak power vol tage,  V 
Sheet r e s i s t i v i t y  of c e l l  sur face ,  Q/o 
Grid l i n e  & bus bar bulk r e s i s t i v i t y ,  
Q-cm 
Contact res i s  t i v  it y , Q-cm2 
C e l l  radius  or one half  of square ce l l  
v e r t i c a l  he ight ,  cm 
Collector gr id- l ine spacing C-C, c m  
Height of bus bar center  above center  
l i n e ,  cm 
Width of co l l ec to r  gr id  l i n e ,  cm 
Width of bus bar and interconnect ,  cm 
Thickness of co l l ec to r  g r id  l i n e  and bus 
bar ,  cm 
Cell e f f i c i ency ,  X 
Insolat ion value,  ~ / c m 2  
One half  horizontal  length of square 
c e l l ,  cm 
A-4 
TBB 
RN 
K 
No. of Bus Bars 
1 
2 
3 
VARIABLE 
M 
AREA 
DEE 
WTH 
Y 
Y 2  
SHAD 
ELL 
lhickness of interconnect ,  CI 
Run number f o r  cont ro l  purposes 
C e l l  shape and bus-bar index code 
( see be 1 ow 1 
Circular  
K = l  
K=2 
K=3 
Rectangular 
K -4 
K = 5  
K = 6  
Calculated or Fixed Variables 
!3R41 
SUM2 
SumDation of co l l ec to r  gr id- l ine length 
Sunmation of the cube of co l l ec t ,  r gr id  
l i n e  lengths above and below the  bus bar 
Sumnation of the cube of co l l ec to r  g r id  
l i n e  lengths tha t  occur beyond the  bus 
bar i n  c i r c u l a r  c e l l s  
SUM3 
MOB Interconnect bulk r e s i s t i v i t y ,  usual ly  
set a t  the value fo r  copper: 
1.72 x Q-cm 
Rmber of co l l ec to r  g r id  l i n e s  i n  a quad- 
ran t  
Area of one quadrant of a ce l l  
Length of bus bar i f  not on center  l i n e  of 
c i r c u l a r  c e l l  
Diameter or hor i zo r t a l  length of cel l  
Length of one co l l ec to r  g r id  l i n e  
Length of one co l l ec to r  g r id  l i n e  above 
bus bar 
Shadowed area in one quadrant of a c e l l  
Total  length of a l l  cell bus ba r s  
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JAY 
ITQT 
RES 
REFF 
Current density 
Total generated cell current 
Resistance of bus bar-interconnect combi- 
nation 
Effective contact resistance 
A-6 
OFWS 1 
UlS 
9-U A N I W f l S  
SHADCh SMDCL 
A I f A  
SMDOY. 
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Figure 1. CELCAL Flow Chart 
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APPENDIX B 
OPTIMIZATION PROGRAM AND METHODOLOGY FOR DESIGNING 
SOLAR-CELL GRID PATTERNS 
R. Daniel, D. Burger, H. Stone 
Cal i forn ia  I n s t i t u t e  of Technology 
4800 Oak Grove Drive 
Pasadena, Cal i forn ia  91109 
Jet Ropu 1s ion Labora t o t y  
Abstract  
One of the  most c r i t i c a l  areas  a f f e c t i n g  so la r  c e l l  e f f i -  
ciency is the design of the current-col lect ing g r i d  pat- 
t e rn .  
t o  f ind optimal (minimum power l c s t )  valuer for  design va r i -  
ables  such as fine-grid-line width, fine-grid-liiie spacing 
and bus-bar width on round and rectangular  c e l l s .  
can serve as an easy-to-use design too l  fo r  maximiziang c e l l  
e f f ic iency  and for  performing s e n s i t i v i t y  analyses .  
An i n t e r a c t i v e  APL computer program has been developed 
The program 
Introduction 
Extensive l i t e r a t u r e  is ava i l ab le  on analyzing series r e s i s t ance  and 
other power losses  associated with the g r id  pa t t e rns  on rectangular  so l a r  
c e l l s .  No r epor t s ,  however, have focused on optimal (minimum power l o s t )  
gr id-pat tern designs f o r  round c e l l s  or  fo r  rectangular  c e l l s  with more than 
two design var iab les .  
An i n t e rac t ive  APL computer program has been developed t h a t  uses a 
nonlinear optimization technique, a modified Newton-Raphson method 
(Reference 11, t o  determine the optimal g r id  pa t t e rn  parameters. The 
power-loss equations modeled i n  the program are s imi la r  i n  approach t o  those 
of Moore (Reference 21, Redfield (Reference 31, and F la t  and Milnes 
(Reference 4) i n  e a r l i e r  repor t s .  The bas ic  g r id  design,  whose power lo s ses  
a r e  analyzed by the program, has the bus bar and f i n e  g r id  l i n e s  orthogonal 
t o  one another.  Three d i f f e r e n t  pa t te rns  are ava i lab le :  one and two bus 
ba t s  on a round c e l l  and one or more bus bars  on a rectangular  c e l l  
(Figure 1). 
analys is .  
Other c e l l  shapes or  pa t te rns  requi re  shape-specific power lose  
The user must input reasonable s t a r t i n g  values fo r  the  var iab les  t o  be 
Documentation f o r  the  optimized and the s t e p  s i z e  used i n  the  optimization. 
program and s p e c i f i c  i n s t ruc t ions  on running the  program a r e  being prepared 
f o r  the Computer Software Management and Information Center (COsMIC). ' 
In addi t ion  t o  generating optimal designs,  the program can be used t o  
perform s e n s i t i v i t y  s tud ies  on se lec ted  var iab les .  
can serve as an easy-to-use design t o o l .  
An a r e s u l t ,  the  program 
B- 1 
Power Loss Analysis I 
To model so la r -ce l l  power losses  accura te ly ,  an ana lys i s  was made of 
the r e s i s t i v e  losses  i n  the photoconductor shee t ,  me ta l l i c  gr id  and bus 
bars .  Power losses  due t o  the sLdowing of the c e l l  by the f ine  g r id  and 
the bus bars  and the contact res i s tance  of the  f ine  gr id  t o  the sheet  were 
a l so  made. 
This program i s  l imited t o  round c e l l s  of one or  two bus bars  and 
rectangular c e l l s  of one o r  more bus bars  where the bus bars  and f i n e  gr id  
l i n e s  are orthogonal. The power-loss ana lys i s  makes severa l  assumptions: 
The photocurrent is  generated uniformly on the surface of the 
c e l l .  
Power loss  in  the photoconductor sheet between gr id  l i n e s  is 
calculated using sec t iona l  in tegra t ion  rzcher than solving 
Poisson's equation for  the po ten t i a l  as  a function of pos i t ion  
i n  the ac t ive  a rea .  
t h a t  the power lo s s  i n  the sheet varied by l e s s  than 10: ( the 
change i n  design is  in s ign i f i can t )  when the r a t i o  of the length 
of the g r id  l i n e  ~3 the space between l i n e s  is g rea t e r  than 3 : l  
( the va r i a t ion  decreases as rhe r a t i o  increases) .  
Davis* compared the uzthods and showed 
The bus Sara and g r id  l i n e s  are rectangular  i n  cros6 sec t ion .  
The bus bar is e i t h e r  of the  same meta l l iza t ion  and thicknass as 
the f ine  gr id  or can be strapped (with a meta l l ic  ribbon of 
specif ied thickness)  over the variable-thickness bus bar .  
The fine-grid-line width and the meta l l iza t ion  thi..icne?s a r e  s2t 
a t  a fixed r a t i o  as an input parameter. This approach was used 
because some meta l l iza t ion  processes w i l l  produce f ine  l i nee  as 
some r a t i o  of the meta l l iza t ion  thickness ,  and ;?cause the 
program w i l l  converge more rap id ly .  The program can be a l t e r e d  
t o  handle those var iab les  independently. 
Figure 2 i d e n t i f i e s  the usual power losses  encountered i n  a so l a r  
c e l l .  A general  form of power l o s s  from 3 r e s i s t i v e  source can be expressed 
as 
P =/12dR (1) 
Then the power iosses  due t o  resistann,e &LL the  photoconductor sheet  
(PsH), res i s tance  i r i  a f ine  g r id  l i n e  (P& and r e s i s t ance  in  the bus 
bar (Pg) a re  found by solving the  following equations: 
*J .R. Davis, Westinghouse RbD Center, p r iva te  communication. 
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(J#x) 2 
= b t  Pndx 
x=o pFG 
(3 )  
The remaining r e s i s t i v e  power loss  is caused by the res i s tance  of the 
contact of the f ine gr id  l i n e  t o  the photoconductor sheet .  This 
contact res is tance has several  formulations avai lable .  ”bo f o r m  ava i lab le  
for the program, one of which is t o  be chosen, are: 
- 4 - 
RC f ine  gr id  area 
- fRs c Rc - 
-pX 
The first  represents a condition i n  which the current  enters the 
contact unifc mly. The secoqd represent 3 condition i n  which the c w r e n t  is 
crowd-” a t  the edge of the contact.  
The ?mer  loss  due t o  contact res i s tance  is represected as 
Last,  the power l o s t  t o  the c e l l  from shadowing on the c e l l  caused by 
the f i a e  gr id  l i nes  and the bus ba r ( s )  is: 
Ps -f J V ( f ine  gr id  area and bus bar a rea) .  (8) M M  
In Zquations 2 through 7 
JM (A/cm2) = current  densi ty  a t  maximum power 
VM (vol t s )  = voltage a t  maximum power 
R, a) * semiconductor sheet res i s tance  below the contact 
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r e s i s t i v i t y  of metal 
r e s i s t i v i t y  of sheet 
contact r e s i s t i v i t y  
width of the bus bar 
space between fine qr id  l ines  
width of f ine  grid l i n e s  
m e t  a 1 la i za t ion thickness 
length of f ine  grid l i n e  
length of bus bar 
The calculat ion of losses associated with a rectangular c e l l  is much 
simpler  than for a round c e l l ,  because the losses  a t t r i bu ted  to  each f ine  
grid l i n e  and sheet loss  between them are ident ica l .  Therefore, only one 
calculat ion is needed; i t s  r e s u l t  is then multiplied by the  number of l i n e s  
to  get the t o t a l  losses.  Because the round c e l l  has f ine  gr id  l i nes  of 
varying lengths,  the losses associated with each f ine  gr id  l i n e  a l s o  vary. 
Therefore, an an t ly t i ca l  approximation of the t o t a l  losses from the gr id  
l ines  and the spaces between w a s  derived. 
t o t a l  e f f ec t  of the losses would be represented as a swamation over each 
gr id  l i n e  and during the optimization procedure would require  the program t o  
run through many loops. 
converting the suaanation of each l i n e  in to  an in tegra l ;  t h i s  treats the  f ine  
gr id  l i nes  as a continuum ra ther  than as d i sc re t e  l ines .  
solution w i l l  overestimate the losses ,  but i t  can be shown tha t  it var ies  
from the d i sc re t e  solut ion by less than 1% when there  a re  as  few as  10 grid 
l ines .  
Without t h i s  approximation the  
The closed-form approxinution w a s  derived by 
This in t eg ra l  
The r e s i s t i ve  loss i n  the bus bar assumes tha t  the current is 
collected a t  the end of the bus bar and that  the current col lected is 
uniformly increasing as  the contact (col lect ing point)  is  approached. 
The program can calculate  the contact res is tance i n  two ways, e i t h e r  
as an inverse-area re la t ionship ,  used by Moore (Reference 2) and Redfield 
(Referencc 3 )  or as an edge e f f e c t ,  discussed by k r g e r  (Reference 5 ) .  
Optimization Methodology 
The optimization procedure uses the sum of the previously described 
power-loss equations as the objective function 
PT PSH + Pc + PFB + Pg + Ps = t o t a l  power l o s t  ( 9 )  
A necessary condition for  optimality is tha t  the f i r s t  p a r t i a l  
der ivat ive of t h i s  function be equal t o  zero. 
= 0 = Fi (X)  68, (10) 
- 
where the 6; 's are  the design var iables  and i = 1, 2 . . . m. 
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In the program, t h i s  f m c t i o n  is appr t a a t e d  by taking a s m a l l  f i n i t e  
difference of the function v i t h  respect t o  I 
These equations are then solved by a modifie- Newton-Raphson rethod. 
Newton-Raphson procedure is e f f ec t ive  fo r  the gr id  optimization problem 
because the power-loss curve is concave ; the power loss varies  continuously 
with respect t o  the design var iables .  
with f i r s t -order  Taylor's series expansion of the function about a s t a r t i n g  
point: 
h of the design var iables .  
Ihe 
The Newton-Raphson procedure begins 
where Xk is the s t a r t i n g  point. 
This gives a sys tem of simultaneous l inear  equations of f i r s t -o rde r  
differenfes .  
These f i rs t -order  differences a re  the adjustments t o  be made to  the  
i n i t i a l  parameter values. The new value for  each var iable  is subs t i tu ted  
in to  the objective function and the process is s t a r t ed  over again. 
Rewriting the previous expression in  matr ix  notation (Reference 6) yields  
4 ' B k  (X-Xk)  = o  (12) 
x = x  - EL1% (13) 
Convergence is decided by a weighted-squares c r i t e r i o n  (Reference 7); i.e., 
the program stops i f :  
W i  is chosen t o  be 1 x lo6 [ i t s  valce depeads on the un i t s  chosen for  
F ~ ( x ) ]  
Program Routines 
The program is di* ided in to  f ive major subroutines; the FUNCT 
(Reference 71, SOLVE, Power Losses, Input, and Output. A copy of the FUNCT 
and SOLVE subroutines for rectangular c e l l s  is shown on the  next page. The 
Power Losses subroutine is cal led SQLOSS for  rectangular c e l l s .  The Input 
and Output subroutines a re  so le ly  for those functions and are  appropriately 
formatted for  ease of use. 
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vx- SOLVE XI; 
111 J-1 
L 2 l  x-XI 
131 Q:F+FUNCT X 
141 +( l>+/WCxF*2 
151 FX-p0 
!b]  1-1 
1 7 1  KX:Y-X 
Y ;  I; J; FX 
/O 
1 8 1 
[ 9 ]  FX-FX,((FUNCT Y)-F)'E[I] 
Y [ I 1- X [ I 1 +E [ I 1 
1101 -(N?I* L+l)/RX 
[ 12) X- X-SlZExWX 
1131 'W,A,B,kB: ',<lo 5 VX,WB) 
L141 'F: ';F 
(151 SQLOSS 
(161 'PTOT: ';PTOC 
I 1 1  1 FX-Q(N ,N)~FX 
( 17 J 4 J ~ J -  J+ 1) / Q  
VT FUNCT X 
17 CHECK N,X,WC,E,SIZE 
F- 3pO 
iJB--X( 11 
A-X[2j 
B-X[3] 
SQLOSS 
PO- PTOT 
id& WB+E 11 1 
SYLOSS 
F 1 11- (PTOT-PO) E [ 11 
WB-X( L 1 
A- A+E(2 J 
SQLOSS 
F [ 2 1- ( PTOT-PO )t E [ 2 1 
A* Xi21 
&B+EL31 
SQLOSS 
F [ 3 1- ( PTOT-PO); E 31 
B-XL31 
The mMCT subroutine ca l cu la t e s  the Fi (X)  values .  Lines 3, 4, and 5 
a r e  the s t a r t i n g  values for  the design var iab les  W B  (bus-bar width) ,  A 
( f ine-gr id- l ine spacing) and b (f ine-gr id- l ine width) .  The t o t a l  power l o s t  
(PTOT) i s  ca lcu la ted  a t  Line 6 .  Lines 7 through 19 solve f o r  the p a r t i a l  
der iva t ives  of the objec t ive  function with respect  t o  each design va r i ab le ;  
the E i ' s  a r e  the small f i n i t e  d i f fe rences  mentioned i n  the previous 
sec t ion  ( ~ i  = I x 10-3 eo 1 x 10-4). 
The SOLVE subroutine ca l cu la t e s  the new point X (Line 12) and c a r r i e s  
out the convergence test (Line 4). 
equivalent  of a s t e p  size for  gradient  search procedures (Reference 8). 
The S I Z E  var iab le  (Line 12) is the  
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However, here it is not an optimal value. 
var iable  to  control  the s i z e  of the adjustment t o  be made on the old Xk 
(usually,  0 SIZE 1). 
program. 
JM (m = loo). 
This program uses the SIZE 
Line 17 counts the number of i t e r a t ions  made by the  
The program w i l l  s top  i f  the number of i t e r a t ions  equals 
The SQLOSS subroutine is not shown since it  cointains  only power- 
loss  equations. This subroutine (and i ts  analog for round c e l l s )  is of ten 
used by i t s e l f  b+en doing s e n s i t i v i t y  analyses and not running the program 
i n  the opiimitation -de. 
documentation is completed. 
Its contents w i l l  be avai lable  when the COS4XC 
Examoles 
The following examples may not correspond t o  any r e a l  so la r  c e l l s ;  
they were created to demonstrate the v e r s a t i l i t y  of the program. 
In the f i r s t  two examples a round c e l l  is considered to  be 16.9X 
e f f i c i e n t  with a maximum output power (before losses)  of 1068 law a t  80 
d / cm2  insolation. 
pattern (Figure 3) is optimized with khe design var iables  being the width of 
the bus bars (WE),  the fine-grid-line spacing (A), and the fine-grid-line 
width ( E ) .  The fixed parameters not previously defined are:  Deg ( 1, the 
angular displacement from the center l ine of the c e l l  t o  the end of a bus bar 
(center l ine and bus bar are parallel); R, cell radius;  PB, the r e s i s t i v i t y  
of t h e  m e t a l  used for the s t r ap ;  and B:T, the r a t i o  of the f ine  grid l i n e  
wid th  t o  the metal l izat ion thickness. 
Using the fixed parameters in  Table 1, a two-bus-bar 
Table 1. Round Cell 2-Bus Optimal Design 
Input of Fixed 
Parameters 
Single Strapped 
Resulting Design W t a l l i z a t i o  h s  ( S o p )  
Ikg (Q) = 24 Wb, cm 0.222 0.102 
R = 5 c m  A, cm 0.410 0.248 
.$I = 0.03 A/cm2 B, m 275.0 93.6 
VM = 0.45 vol ts  TI  m 11.0 3.7 
PM = 1.6 x Q-cm BUS VOI., 0 3  4.48 10-3 0.7 10-3 
PB = 1.7 x LOm6 Q - c ~  Gr id  vol., cm 3 4.68 10-3 0.91 10-3 
Ps = 38 a / O  
Pc = 0.001 Q-cm2 Resulting Power Loss 
PT, 189.2 112.8 
Loss, x 17.8 10.6 
B:T = 25 
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The f i r s t  example, Table 1, compares a s i n g l e  me ta l l i za t ion  g r id  
The bus volume and g r id  volume r e f e r s  t o  the metal volume deposited 
pa t te rn  with one whose bus bars  have a 5Ow-th ick  s t r a p  over la id  on the  bus 
bar.  
during the  meta l l iza t ion .  
adding the  s t rap.  
13.9% t o  14.9%. 
Note the  tremendous power savings r ea l i zed  by 
This represents  an increase i n  output e f f i c i ency  from 
The second example has two parts. The f i r s t  pa r t  d i sp lays  the  optimal 
design s e n s i t i v i t y  t o  a changing currebi t  dens i ty  JM (Table 2). 
i n  Table 2 a r e  a c t u a l l y  a change of +25% from the  JM i n  Table 1. 
fo re ,  the  s ing le-meta l l iza t ion  da ta  r n  Table 1 can be compared -.Jith those i n  
Table 2. The change i n  JM can be thought of as a change i n  e f f i c i ency  from 
12.7% t o  21.1%. 
t h a t  a f t e r  the design of Table 1 has been created i t  is discovered t h a t  the  
current  dens i ty ,  JM, is a c t u a l l y  some o ther  value.  
varied by +25% of the value i n  Table 1, the ca lcu la ted  power l o s s  PT 
d i f f e r s  oniy very s l i g h t l y  from the  power l o s s  t h a t  would be expected had 
the optimal design associated with t h a t  cur ren t  dens i ty  been used. 
The JM'S 
There- 
The second par t  of t h i s  example r e f e r s  t o  the  p o s s i b i l i t y  
Thus, i f  JM is 
In  
s h o r t ,  the  t o t a l  power l o s t  i s  i n s e n s i t i v e  t o  the  design when varying the  
current  dens i ty  JM. -
Table 2. Single-Metall ization Design S e n s i t i v i t y  t o  JM 
JM 
"B 
A 
B 
T 
P'T 
PT 
% l o s s  
0.0225 
0.197 
0.642 
260 
10.4 
127.4 
126.2 
15.9 
0.0375 
0.244 
0.388 
287.5 
11.5 
260.6 
258.9 
19.5 
The th i rd  example r e f e r s  t o  a rectangular  c e l l  5.0 x 0.5 cm tha t  has 
an idea l  e f f i c i ency  (with no lo s ses )  of 15% a t  100 mW/cm2 AM1 (37.5 mW 
maximum). The pa t t e rn  is  a s ing le  bus bar of length 0.5 cm. The fixed 
parameters are found i n  Table 3. This example tests the s e n s i t i v i t y  of the  
optimal design and power l o s s  t o  varying the fine-grid-line spacing ( A ) ,  
which i s  equivalent t o  varying the number of f i n e  g r id  l i n e s .  
s ign i f i can t  r e s u l t  is the t o t a l  metal used i n  the pa t t e rn  ( f i n e  gr id  volume 
plus bus bar volume). Figure 4 shows the percentage of power l o s t  and the  
t o t a l  metal volume versus the number of g r id  l i n e s .  Note t h a t  t he  optimal 
design has four g r id  l i n e s .  In  Figure 5 the power output and the  metal 
volumeloutput power a re  p lo t ted  aga ins t  the  number of g r i d  l i n e s ,  
The 
The s ign i f i can t  r e s u l t  i s  tha t  increasing the number of gr id  l i n e s  
(from 4 t o  10) changes output power very l i t t l e ;  a t  the same time, the metal 
volume per uni t  of output power decreases by about 30%. This is the  same as 
a decrease i n  the  cost  of the metal used on the c e l l  per wat t .  
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Table 3. Fixed Parameters 
Width 
length 
No. buses 
JM 
v, 
M 
S 
C 
B:T 
5.0 cm 
0.5 cm 
1 
0.03 A/cm2 
0.5 volts 
1.7 x 10-6a-cm 
60 O/O 
0.001 G c m 2  
3.1 
Experimental Efforts 
In the Cell and Module Formation Research Area of the Flat-Plate Solar 
Array Project at the Jet Propulsion Laboratory a series of experiments is 
under way, designed to verify the predictive accuracy of the power-loss 
equations. Experiments are also being done to determine the nature of the 
most correct equations describing the contact reaistance of the grid lines 
on solar cells. 
The program's design solution for a rectangular cell has been compared 
with a calculation by PI. Wolf (Reference 8). 
calculates the losses in a 2.5 x 0.5-cm cell; his total losses are 4.35%, 
which compares well with the program's calculation of 4.5%. 
difference in the results is due to the placement and geometry of the bus 
bar. 
literature. 
In a recent report he 
The small 
Similar comparisons for round cells have not been found in the 
Summary 
It is believed that the program method can be extended to include 
other design geometries and cell characteristics, such as bulk resistivity, 
cell thickness and junction depth, and to make rudimentary cost studies. 
Although some of the designs may propose parameter values now thought 
to be beyond technical desirability or feasibility, it is believed that the 
program is useful in that it suggests new design work that may be worthy of 
consideration. 
optimization procedure in any of several different ways. 
Technical limitations can be handled by altering the 
The grid pattern designer will find the program post useful because he 
can now find optimal design values rapidly when there are two or more design 
parameters. The losses it predicts are the same as would be calculated 
using any other method that uses the customarily accepted series resistance 
loss equations. 
B- 9 
Acknowledgments 
The research described in this paper was carried out 
Propulsion Laboratory, California Institute of Technology, 
by the U.S. Department of Energy through an agreement with 
1. 
2. 
3. 
4. 
5 .  
6. 
7. 
8 .  
REFERENCES 
at the Jet 
and was sponsored 
NASA. 
D. Simons, Nonlinear Programing for Operations Research, 
pp. 110-113, Prentice-Hall , Inc . , 1975. 
A. Moore, "An Optimized Grid Design for a Sun-Concentrator Solar 
Cell," RCA Review, 40, p. 144, 1979. 
D. Redfield, "Optimization of Solar Cell Contacts by System 
Cost-Per-Watt Minimization," RCA Review, 38, p. 475, 1977. 
A. Flat and A. Milnes, "Optimization of Multi-Layer Front-Contact Grid 
Patterns for Solar Cells," Solar Energy, 23, pp. 289-299, 1979. 
H.H. Berger , "Contact Resistance and Contac+ Resistivity," 
J. Electrochem. Soc .: Solid State Science and Technology, 
pp. 507-514, April 1972. 
H.A. Taha, Operations Research an Introduction, p. 537, MacMillan 
Publishing Co., 1976. 
D. Sonnabend, "APpLy - User's Guide and Reference Guide," JPL 
Enginecring Memorandum 314-223, Jet Propulsion Laboratory, Pasadena, 
California, October 1980. 
M. Wolf, "Analysis and Evaluation of Processes and Equipment ,I' 
DOE/JPL-956034/15, Jet Propulsion Laboratory, Pasadena, California, 
1981. 
B-10 

3u.01 6.0 - 
32.0 E 
40x10-' 
30 
20 ! 10 
30.0t , , , , , , ! , , , j 
1 2  3 4 5 6 7 8 9 10 
Number of Grid Liner 
Figure 5 .  Sensitivity of Power Out- 
put and Metal Volume/Out- 
put Power to Number of 
G r i d  Lines on 0.5 x 5.0-cm 
Rectangular Cell 
E-12 
